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Abstract
Attempts have been made to synthesise a novel siloxane-containing dicyanate ester, 1,3- 
6A(4-cyanatophenyl)-1,1,3,3-tetramethyldisiloxane, commencing from 4-bromophenol or 
4-methoxyphenol. Most of these syntheses have involved the use of a Grignard reaction to 
form a disiloxane group, followed up subsequent cleavage of an alkyl-protecting group to 
yield a free phenol. Several different ethers have been attempted, but none was successful. 
The extreme susceptibility of the aryl silicon-carbon bond to cleavage under acidic 
conditions has been demonstrated by these reactions.
A novel phosphazene-containing dicyanate ester, 1,3-A/£(4-cyanatophenyl)-1,3,5,5- 
tetraphenoxycyclotriphosphazene has been successfully synthesised in a four-step 
procedure with an overall yield of ca. 35%. The cyanate ester has been characterised by 
differential scanning calorimetry (DSC), thermogravimetric (TG) analysis, 
thermomechanical analysis (TMA), lH, 13C and 31P NMR spectroscopy, and Fourier- 
Transform Infra-red (FT-IR) and Raman spectroscopy.
The thermal data collected showed a surprisingly low glass transition temperature (59 °C) 
and enthalpy of polymerisation (ca. 36*5 kJ m ol'1 of cyanate). The former figure was 
confirmed by TMA and modulated DSC. However, the cured cyanate showed reasonably 
high thermal stability: no mass loss was observed before 300 °C. Total decomposition did 
not occur until about 650 °C.
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C h a p t e r  1
I n t r o d u c t i o n
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1.1) General introduction
The aeronautics industry, like all other industries, constantly has to change and improve in 
order to thrive. In the one hundred or so years of its history, aircraft and their performance 
have changed beyond all recognition. The Wright brothers’ first flight covered barely 
thirty-seven metres and lasted only twelve seconds; Louis Bleriot flew at just forty miles 
per hour during the first cross channel flight1. Today, Concorde can fly at more than twice 
the speed of sound and man has begun the exploration of the solar system.
Some of these changes are due to improved design, but such staggering increases in speed 
would not have been possible without vastly improved structural materials. Wooden and 
metallic aircraft could never perform to modem expectations. The production of new 
materials is a constant challenge for chemists if they are to keep up with society’s ever 
growing expectation of greater performance for lower cost.
The aim of this project is to synthesise and investigate the properties of a number of new 
cyanate esters. It is hoped that by incorporating new functional groups into already stable 
systems, their overall thermal stability can be improved. The groups to be investigated are 
the poly(organosiloxane) (or silicone) group and the cyclophosphazene ring.
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1.2) Advanced Composite Materials (ACMs)
1.2.1) History and Properties
The use of advanced composite materials (ACMs) as replacements for metals has become 
increasingly common in recent years. They evolved from the fibreglass-reinforced plastic 
(FRP) industiy that began during the 1940s and consist of fibres combined with a 
thermoset or thermoplastic resin matrix. Although most developments in the area have 
arisen from research into military and aeronautical applications, the use of ACMs is now 
expanding into other areas of the market, such as the leisure and sports industries. In the 
USA alone, over 1,300,000 tonnes of composite products are manufactured annually2.
ACMs offer many potential advantages over conventional materials. They are of far lower 
density than steel or aluminium, and have lower thermal expansivity. This weight 
reduction, which can be as great as 40% compared to aluminium3, is clearly of extreme 
interest in the field of aviation. In addition, ACMs often supply greater specific 
(i.e. property per unit mass) stiffness, strength and fatigue resistance.
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1.2.2) ACMs in A ircraft Construction
One of the principal problems that must be overcome in aircraft design is weight. The 
greater the weight of an aircraft, the more fuel it will require in flight. In military terms, a 
reduction in weight will provide greater speed and manoeuvrability. ACMs are commonly 
used to reduce an aircraft's weight, and may also be tailored to alter its radar profile. A 
typical commercial airliner must operate for twenty years, or sixty thousand working 
hours, before it begins to make a profit. A reduction in weight, and, hence, fuel 
consumption, will make the aircraft more economical to run.
ACMs have been used to replace metals in many parts of aircraft, both civil and military. 
The Beech Starship, a US business aeroplane, and the MBB BK-117, a German military 
helicopter, are both built entirely from composite materials. To date, the principal 
drawback of using ACMs has been their low thermal stability relative to metals. This has, 
to some extent, precluded their use in areas of an aircraft that are subject to particularly 
high temperatures, such as engine ducts and nacelles. There are several materials that can 
be used for the construction of such components, but, as will be shown below, these have 
several problems associated with them, notably toxicity and limited long-term thermo- 
oxidative stability. For this reason, alternative solutions are being sought.
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1.2.3) PMR-15
PMR-15 (Polymerisation of Monomeric Reactants, where 15 represents an average 
molecular mass (Mn) value of 1,500 g mol'1 for the pre-polymer), 4, is an addition 
polyimide that was developed by NASA in the 1970s4. It is formed by reacting bis(4- 
aminophenyl)methane (or methylenedianiline, MDA), 2 with the dimethyl ester of 
benzophenone-3,3',4,4'-tetracarboxylic acid (BTDE), 1, and the monomethyl ester of 
norborn-5-ene-2,3-dicarboxylic acid (NE), 3, as shown in Figure 1.1, below:
+ In H2N - V —NH2 + 2
(2)
- (2n+2) CH3OH
(3)
N.B. \\f -  C6H4-CH2-C6H4
Figure 1.1: Synthesis of PMR-15
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This reaction is carried out in methanol, in which all the reagents are soluble, and gives 
rise to a polymer, from which the solvents can readily be removed. PMR-15 can be cured 
to produce a crosslinked polymer network. This crosslinking occurs via a reverse Diels- 
Alder reaction of the norbomenyl end-groups. This causes evolution of 
cyclopenta-l,3-diene, which polymerises with the resulting maleimide5. It is used in the 
fabrication of high temperature-resistant engine components and in the space shuttle, but 
its usage is beset by toxicity problems. MDA is toxic to the human liver and is a suspected 
human carcinogen6. In addition, several toxic intermediates are formed during the 
polymerisation process, such as those shown in Figure 1.2, below:
COOCH3
^NH2
o
(6)
H3COOC COOH
N.B. vj/=C6H4-CH2-C6H4
O
Figure 1.2: By-products of the PMR-15 synthesis
The high temperature and pressure required during the curing phase often creates poor 
reproducibility. Other problems associated with prepregging and component fabrication 
render the material very expensive.
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1.2.4) U&maleimide systems
Another group of materials often used in high temperature applications is the Znsmaleimide 
(BMI) family of compounds7. Like PMR-15, they are formed by the reaction of an 
aromatic diamine, such as MDA, with maleic anhydride, 8, as shown in Figure 1.3.
o
y—- o h
n h 2 v < -
Y B
°v\ K l 
V o °  H
H, NH2
—  C©rt0^cH2© © NH2
o
Figure 1.3: Synthesis ofbis(4-maleimidophenyl)methane, 10
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As for PMR-15, a wide variety of monomers and polymers can be obtained by varying the 
structure of the diamine. The methylene group, for example, can be replaced by a 
sulphonyl group. This might be useful for eliminating the alkyl fragment, a possible ‘weak 
link’ in the molecule. BMI resins form a very rigid system, with a high degree of 
crosslinking, which renders them somewhat brittle. Their thermal capacities usually fall in 
the range 120-175 °C in damp oxidising atmospheres, which has allowed their use in jet 
engine nose cones and motor cases, amongst others. However, they suffer from similar 
problems to PMR-15.
1.2.5) Comparison of P M R  and 6/smaleimide systems
The relative benefits of PMR and 6Amaleimide systems have been investigated in a review 
by Wilson8. This paper also details the design specifications for the proposed High Speed 
Civil Transport (HSCT) project, a project subsequently cancelled. This design brief 
required that the composites used should be able to withstand at least one hundred and 
twenty thousand hours at 177 °C. This current project aims to produce polymers with 
properties that exceed this criterion. The paper concluded that neither PMR-15 nor BMIs 
were really suitable for the needs of the HSCT. PMR-15 meets the thermo-oxidative 
stability criteria, but suffers difficulties in thermal cycling tests (i.e. frequent changes in 
temperature), cost and toughness criteria. BMI meets, or shows promise, in terms of cost 
and thermal cycling performance, but it is unlikely that derivatives will be made that will 
meet the thermo-oxidative stability requirements.
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1.2.6) Other high temperature resistant materials
Other high temperature materials exist, but these also have disadvantages associated with 
their usage9. The key to the effectiveness of phenolic resins is that they form an ablative 
char on their surface. This is a weak layer, and has a limited lifetime at high temperatures. 
Carbon/carbon composites offer excellent thermal protection, but are difficult to 
manufacture and, unless coated, have poor resistance to oxidising atmospheres. Ceramic 
composites are also difficult to manufacture, and are highly susceptible to thermal shock. 
Phenylethynyl-terminated imide (PETI) oligomers, such as LaRC PETI-5, possess 
excellent thermal stability and have high glass transition temperatures (Tg), e.g. 270 °C for 
cured PETI-5 with an M„ of 5,00010. However, they are very difficult to process11. 
Consequently, alternative high temperature resistant materials are being sought that will 
provide similar, or superior, temperature resistance to those materials currently available, 
but without the problems associated with their use.
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1.3) Cyanate Ester Resins
1.3.1) Background
The use of cyanate ester resins throughout industry has been well documented12 and a 
comprehensive review of their application has been published13. They are formed from 
monomers containing the cyanate functional group, -0-C=N. The first attempted 
syntheses were reported as long ago as 185714. Whilst some success was reported for alkyl 
cyanates, the first successful synthesis of an aryl cyanate did not occur until the 1960s, as 
described in section 1.3.2.
A resin based on the dicyanate of Z?Aphenol-A was first used commercially in 1976 in 
printed circuit boards , but it did not perform veiy successfully due to poor moisture 
sensitivity and was withdrawn three years later. They have since been used as a composite 
with glass and aramid fibre in high-speed circuit boards, which is still their major 
industrial application.
Cyanate ester resins are formed from a cyclisation reaction, known as a cure, to give a 
triazine (or polycyanurate) trimer, as shown in Figure 1.4, below:
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OCN
(11) (12)
Figure 1.4: Trimerisation of a simple aryl cyanate ester
This cyclotrimerisation reaction is believed predominantly to follow a step-growth 
mechanism to form a thermoset network, although there is still debate over the exact 
mechanism. The curing can be performed thermally or with ultra-violet (UV) radiation in 
the presence of a suitable inhibitor. Several catalysts are known to improve the rate of the 
reaction, e.g. transition metal carboxylates, alkyl phenols16. The reaction achieves a high 
degree of conversion, but exclusive conversion into triazine rings is not usually achieved. 
Alkyl cyanates have yet to find a commercial use. This is largely due to their tendency to 
isomerise to yield the isocyanate and, via subsequent trimerisation, the isocyanurate17, as 
shown in Figure 1.5, on the following page.
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R
I
3 R - 0 - C E N -► 3 R - N = C = 0
O
(13) (14) (15)
Figure 1.5: Isomerisation and cyclisation of an alley I cyanate
Aryl cyanates are stabilised by the presence of the aromatic ring. This is believed to be 
due to a difference in basicity: in alkyl cyanates, the oxygen is the more basic site, in aryl 
cyanates, nitrogen is the more basic.
In recent years, there has been an increased interest in the use of cyanate ester resins in 
high temperature applications. The currently available products have several features of 
interest. The monomers are of very low toxicity: for example, the dicyanate ester of 
6/sphenol-A has an acute oral LD50 value in excess of 2-5 g kg-1 for rats18. They are 
readily processed for use in a variety of applications. They are very hydrophobic, and have 
relatively high Tg values: modern cyanate ester thermoset resins can have Tg values of 
between 190 and 290 °C, which places them between current tetrafunctional epoxy resins 
and polyimides.
Although these Tg values are high enough for many purposes, they are insufficient to allow 
their use for long periods at the high temperatures experienced by modern jet aircraft. For 
this reason, it will be necessary to modify the basic structure of the cyanate ester, without 
sacrificing the advantages that these materials currently offer.
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1.3.2) Early cyanate ester syntheses
Although their usage is now common, until the 1960s, the synthesis of aryl cyanates had 
proven an insurmountable synthetic hurdle for chemists. The synthetic route described by 
Cloesz10 was unsuccessful, due to the high reactivity of aryl cyanate esters. Successful 
syntheses of alkyl and aryl cyanates were announced almost simultaneously in 1964 by 
Jensen and Holm19 and by Martin20. These early works used a very different synthetic 
route to the cyanate compounds from that used today. Both alkyl and aryl cyanates were 
obtained from a degradation of a 5-alkoxy- or 5-aryloxy-1,2,3,4-thiatriazole, such as that 
shown below:
(16)
Figure 1.6: 5-Phenoxy-l,2,3,4-thiatriazole
Thiatriazoles are very unstable compounds21, which will decompose spontaneously, even 
at reduced temperatures. These decompositions, which liberate nitrogen and sulphur to 
yield the cyanate, can often be explosive, e.g. methyl cyanate will decompose explosively 
at room temperature. Ethyl cyanate has been obtained as a crystalline solid, although it 
decomposed in just sixteen hours in ethereal solution.
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The first alkyl cyanates were obtained by reacting the appropriate 
alkoxythiocarbonylhydrazine with nitrous acid, formed in situ from sodium nitrite and 
hydrochloric acid. This will produce the 5-alkoxy-l,2,3,4-thiatriazole, which will 
decompose to the desired alkyl cyanate, liberating nitrogen and sulphur. The preparation 
and degradation are illustrated in Figure 1.7:
The reaction shown above is reported to give an impressive overall yield of 94%. The aryl 
cyanates were initially obtained via a slightly different route. The thiatriazole was formed 
by a reaction between phenoxychlorothioformate and sodium azide, as shown below:
S
E t O © N " NH2
I
S—N 
/ W EtOCN
EtO
H
(17) (18) (19)
Figure 1.7; Synthesis and decomposition of 5-ethoxy-l,2,3,4-thiatriazole
Cl NaN3
(20) (16)
Figure 1.8: Synthesis of 5-phenoxy-l,2,3,4-thiatriazole
The phenoxythiatriazole was as unstable as the alkyl analogues, and decomposed 
spontaneously to phenyl cyanate. This, therefore, provided a route to both alkyl and aryl 
cyanate esters, albeit an inelegant one.
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1.3.3) Current commercial synthetic route to cyanate esters
Cyanate esters are today obtainable using a much safer and more efficient route. The 
corresponding phenol is cyanated with cyanogen chloride (NC-C1) or cyanogen bromide 
(NC-Br) in the presence of a base at reduced temperature22. This is shown schematically 
in Figure 1.9, below.
(21) (11)
(X = Cl or Br)
Figure 1.9: Cyanate ester synthesis
Yields are usually nearly quantitative. Although less hazardous than the thiatriazole route, 
this approach is not without its difficulties. Cyanogen halides are highly toxic and great 
care must be taken with their handling. Triethylamine is used as the reaction solvent, 
which is susceptible to attack by cyanogen bromide to yield a cyanamide . This 
nucleophilic substitution, known as the von Braun reaction, is shown schematically in 
Figure 1.10, on the following page.
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Et3N: + NC—Br NC—NEt3 + Br
© I©
Br ^ E t—N -C N  \r\
Et
Et
JT EtBr + Et2N —CN
Figure 1.10: The transformation of triethylamine into diethylcyanamide via the von Braun reaction
This reaction requires heating, so the formation of cyanamides can be minimised by 
performing this reaction at reduced temperatures: -5 °C is a common example. Thus, 
cyanogen bromide has allowed cyanate esters to be synthesised quite simply and allowed 
them to be used in a much broader range of applications than would otherwise have been 
the case.
1.4) Thermal stability enhancing groups
Most inorganic molecules are far more thermally stable than organic molecules, such as 
conventional polymers. One of the more interesting areas o f current research is 
organic/inorganic hybrids, a class of material that aims to combine the most desirable 
properties of both types of molecule.
Several inorganic groups have been reported to augment the thermal stability of a 
compound when incorporated into its structure. Examples of these include the carborane 
group, the phosphazene ring and polyorganosiloxanes. These groups are discussed in 
detail in the sections that follow.
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1.5) Polyorganosiloxanes
Polyorganosiloxanes (or just siloxanes), also known as silicones, are well known for their 
excellent thermal properties. Silicone oils, which have the general structure shown in 
Figure 1.11, below, have been used as high performance lubricants for many years, due to 
their high thermal stability and very wide temperature range.
R R
- i i —O —i i —O-
i .  i .
(22)
Figure 1.11: Basic siloxane repeat unit
More recently, siloxane-based composite matrices capable of resisting high temperatures 
have been reported9.
The R group (in Figure 1.11) can be either alkyl or aryl. Such siloxane groups can be 
linked to other groups to improve their thermal stability. When bonded to aromatic 
compounds, in almost all cases, the silicon is bonded to the aromatic ring via an oxygen 
atom. Some recent papers, however, have reported the synthesis of monomers that contain 
direct bonding between the aromatic ring and a siloxane24,25. It is this approach that will 
be pursued throughout this project, since it is expected that this will improve the thermo- 
oxidative stability of the final polymer26. It is believed that the flexibility of the siloxane 
group will also improve the processability27.
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1.6) Phosphazenes
1.6.1) General information
Phosphazenes, as their name suggests, are compounds containing phosphorus and 
nitrogen. They are a series of oligomers containing the R^P^N repeat unit. They can be 
either linear or cyclic in nature, are extremely thermally stable and display excellent fire 
resistance28. Indeed, linear polyphosphazenes were formerly available as commercial high 
temperature elastomers.
The ammonolysis of phosphorus(v) chloride, shown in Figure 1.12, below, is perhaps the 
simplest route to these compounds, however, a number of other methods have been 
reported29.
PC15 + NH4CI  *. pxNyCl ® PCl6e  A > (NPCl2)n A > (NPC12)„
Linear Cyclic Linear high polymer
(23) (24) (25) (26) (27)
Figure 1.12: Ammonolysis of phosphorus(V) chloride
They are a relatively new class of organic/inorganic hybrid material. They have been 
described extensively in the literature, notably in the work of H.R. Allcock30, and a 
number of interesting reviews have been published31,29.
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High temperature-resistant materials containing phosphazene rings have been reported in 
the literature. Kumar et al. have reported a synthesis of a phosphazene-containing 
maleimide species32, as shown below:
O
O
A
o
N-f
O
o
Figure 1.13: Synthesis of a phosphazene-containing tri smaleimide monomer, 29
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Initial heating of the maleamic acid, 28, produced the /mmaleimide, 29. After a further 
thermal cure, highly crosslinked resins were produced. In tests of their thermo-oxidative 
stability, these resins had an impressive 82% char resin at 800 °C.
Amongst the many interesting properties of phosphazene polymers is their ability to be 
readily functionalised. Most of these transformations involve the displacement of chlorine 
from phosphorus. Typical examples of such displacements are shown in Figure 1.14, 
below.
OR OAr NHR|
-N = P —i
|
—N = P —j -N = P —
OR n OAr n
|
NHR
JIOH/Na ArOH/Na :2/ h 3n
Cl
I
-N—P- 
I
Cl
/ArNH2 / Et3N RLi ArLi
NHAr R1
Ar
I
- N = P —
1 2 II
-
j -N = P —  1
!
NHAr n R n Ar
Figure 1.14: Typical phosphazene polymer functionalisation
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1.6.2) Cyclic phosphazenes
Although much of the literature concerns the study of linear phosphazenes, cyclic 
phosphazenes will be investigated in this project. A linear dicyanate-containing 
phosphazene would be extensively cross-linked, which could lead to brittleness. The 
cyclic phosphazenes proposed in this project will be present as a thermal stability 
enhancing group, rather than as the main feature of the polymer.
A recent paper by Reghunadhan Nair et al. has detailed the syntheses of several 
phosphazene-containing derivatives of 6/sphenol-A dicyanate33. A typical precursor to 
these monomer structures would be l,3,5-Zm(4-((4~
hydroxyphenyl)isopropylidene)phenoxy)-1,3,5-triphenoxycyclotriphosphazene, 30, shown 
in Figure 1.15, on the following page.
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OH
(30)
Figure 1.15: Synthesised tris(4-hydroxyphenoxy) precursor
Hexachlorocyclotriphosphazene, a cyclic phosphazene frequently used as a building block 
for phosphazene polymers, is reacted with three equivalents of sodium phenoxide at 60 °C 
for sixteen hours. The mixture is then reacted with sodium Msphenolate at 65 °C for 
twenty-four hours. After work-up and purification, compound 30 can be obtained in 80% 
yield.
-22-
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This compound can then be cyanated to give the tricyanate derivative by reacting it with 
cyanogen bromide in acetone at -30  °C. This reaction gave yields of about 89%. The 
resultant monomer can then be cured to yield 1,3,5-triazine (or s-triazine) resins.
It is likely, however, that the compounds being obtained will contain some other positional 
isomers. Residual tophenol-A was also a contaminant of the final product. There was 
evidence for some ring-opening polymerisation, possibly catalysed by the presence of 
sodium fo'sphenolate.
1.6.3) Properties of phosphazene-containing cyanate polymers
The most interesting feature of the resultant polymers is their excellent thermal stability. 
Thermogravimetie (TG) analysis under nitrogen reveals very little loss of mass at 300 °C, 
and what loss does occur can be accounted for by the loss of residual tophenol-A. The 
presence of the phosphazene ring appears to retard the rate of degradation of the polymer 
at higher temperatures. Decomposition begins at approximately 400 °C, with the major 
mass loss occurring between 450 and 500 °C.
The tetrafunctional, diphenoxy phosphazene polycyanurate exhibits a char yield of 60% at 
700 °C, and the trifunctional triphenoxy analogue 50%. Both are noticeably higher than 
the polycyanurate of Zusphenol-A dicyanate, 40% at the same temperature.
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Flame-retardant properties were also observed. Polymer systems should have a limiting 
oxygen index (LOI) of 26 or greater to be considered self-extinguishing. The triazine resin 
of compound 30 has an LOI of 35. Nair et al. propose that this high value was due to the 
phosphazene group’s characteristic of producing fire-extinguishing fumes upon burning33.
These results are very promising for this project. It may be possible to synthesise similar 
monomers with even better thermal properties through the elimination of aliphatic 
fragments.
1.7) Carboranes
A carborane is, as its name suggests, a borane structure, in which several of the boron 
atoms have been replaced by carbon. Although they were not studied during this project, 
carboranes are a potentially useful thermal stability enhancing group, which may well find 
useful applications in the future.
l ,2-dicarbac/<m>dodecaboranes (hereinafter referred to as carboranes) can exist in three 
forms, designated ortho-, meta- and para-, as shown in Figure 1.16, on the following page. 
The filled circles represent carbon atoms, the unfilled ones boron.
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(31)
o-Carborane
Figure 1.16:
(32) (33)
m-Carborane /?~Carborane
The three 1,2-dicarbaoXosododecaboranes
These three forms can interconvert under certain conditions, usually the application of 
heat. For example, o-carborane, 31, will isomerise to m-carborane, 32, between 450 and 
500 °C34. The thermal stability enhancing effects of these structures on poly(ether- 
ketone)s were investigated by Colquhoun et al. at ICI and the University of Durham in the 
early 1990s35. Initial ether-ketone monomers were synthesised in the presence of 
trifhioromethanesulphonic acid. An example is shown in Figure 1.17, on the following 
page. This synthesis also proved the stability of carborane systems in highly acidic media. 
The monomer was then polymerised in the presence of similar ether-ketones to produce a 
range of poly(ether-ketone)s.
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Carborane cage
HOOC COOH
OCH3
CF3SO2OH
Figure 1.17: Synthesis of one of the precursors to the poly(ether-ketone)s studied by Colquhoun et al.
The results obtained were promising: the presence of the group greatly increased mass 
retention on pyrolysis. Weight loss in a nitrogen atmosphere varied between 10 and 15% 
at 1000 °C. This compares to a weight loss of nearly 50% for normal poly(ether-ketone)s. 
In air, formation of involatile boron oxides was observed. A weight gain was observed for 
one of the polymers studied.
A study of the effect of carboranes on aliphatic cyanate esters has already been undertaken 
in the 1970s . Although these were found to display lower heat resistance than aromatic 
cyanate esters, the weight retention at temperatures between 500 and 1,000 °C was 
excellent.
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Carborane-siloxane polymers have also been reported in the literature37. Polymers have 
been synthesised with carborane groups in the side chains of siloxane polymers. It has 
been possible to obtain a polymer that undergoes no mass loss before 350 °C according to 
TG analysis.
Compounds of the type shown in Figure 1.18 could probably be obtained from basic 
starting materials in a one or two-step process. Such a compound might well have 
interesting thermal properties.
NCO OCN
Figure 1.18: Hypothetical carborane-containing cyanate ester structure
Modifications of the aryl group should allow considerable scope for optimisation of the 
thermal stability and physico-mechanical properties.
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1.8) Aims of the current work
As has been discussed in previous sections, all of the currently available high temperature 
resistant materials have problems associated with them, e.g. toxicity (PMR-15), brittleness 
(BMIs) or manufacturing difficulties (carbon/carbon composites). Cyanate esters are a 
promising option, but, at present, the Tg values of the resultant polymers are insufficient to 
allow them to be used at high temperatures for long periods, which is clearly a prerequisite 
for their use in modem aircraft.
The principal objective of this project is to synthesise a number of cyanate ester monomers 
that contain inorganic backbones. It is hoped that these extra groups, which are all known 
to be extremely stable at high temperatures, will confer extra thermal stability to the 
cyanate ester structure without compromising its already attractive features, e.g. low 
toxicity.
The main target molecules are a range of dicyanate esters of the basic structure shown in 
Figure 1.19, below:
(38)
Figure 1.19: Proposed target structure
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It is intended to incorporate into this structure a number of thermal stability enhancing 
groups, shown as yz. It is hoped that a blend of two or more of these structures will lead to 
a material with excellent thermal properties, without the problems of toxicity and cost that 
plague the currently available materials.
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2.1) General introduction
This section describes the results of the synthetic work performed during the experimental 
period. All of the reactions performed are discussed and their results analysed. However, 
the details provided of the preparative work are minimal. The experimental details are 
discussed in depth separately, in Chapter 3 of this thesis.
The chapter is divided into two main sections. Each of these discusses the work 
performed towards the synthesis of the two main target molecules namely the siloxane- 
containing cyanate ester and the phosphazene-containing cyanate ester, both of which are 
shown below:
CH3 (pHb
NCO ) >—  S i - O - S i— < ( OCN
CH3 CH3 
(1)
PhCty ^OPh 
NCO 0.M  i i / O — <( )>— O C N
/PnNN /P \
PhO OPh
(2)
Figure 2.1: Target molecules
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2.2) Siloxane chemistry
2.2.1) Background information
One of the principal goals of this project was the synthesis of a number of novel cyanate
esters containing inorganic groups. It was hoped that these would retain the desirable 
thermal properties of cyanate esters, whilst overcoming some of the inherent problems of 
currently available products. One of the inorganic groups of interest is the siloxane (or 
silicone) group, which has the general structure shown below. Siloxane polymers have 
been in use for many years in a variety of applications ranging from breast implants to high 
temperature lubricants.
R R
n
(3)
Figure 2.2: General siloxane structure
As was discussed in Chapter 1, they have excellent thermal properties. The Si-0 linkages 
are particularly flexible, due to easy rotation about the bonds. It was felt that this would 
aid the processability of the final polymer, which would be a big advantage.
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This project was concerned with the synthesis of a 6wphenol-A type structure containing 
an inorganic group between the aromatic rings linked to the cyanate ester group. The 
target siloxane molecule is shown in Figure 2.3, below:
Figure 2.3: Bis(4-cyanatophenyl)-l, 1,3,3-tetramethyldisiloxane
A previous postdoctoral project by I.P. Aspin has described some work towards the 
synthesis of this target molecule1, but there were few successful results. Aspin’s project 
aimed to synthesise the target molecule by using 4-bromophenol as a starting point. It was 
proposed that this compound could be protected as an ether and then transformed into the 
hydroxyl precursor of compound 1, above, using a Grignard reaction. This phenol could 
then be cyanated using cyanogen bromide.
The project had made use of silyl groups to protect the hydroxyl function during the initial 
Grignard reaction used to form the siloxane backbone. This had proven unsuccessful, but 
results using the methyl group had been more promising. For this reason, it was decided to 
use this group as the basis for further reactions.
Using Apsin’s work as a starting point, the following reaction scheme was used as the 
basis for the experimental work towards synthesis of the siloxane monomer.
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Figure 2.4: Proposed reaction route to the target siloxane-containing dicyanate
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2.2.2) Synthesis and cleavage of the methyl ether
Figure 2.5: Protection of 4-bromophenol, siloxane formation and resultant deprotection
The first proposed reaction scheme begins with the protection of a hydroxyl group with an 
alkyl group (etherification). This section describes the results of various ether-forming 
reactions performed in the attempted synthesis of the target siloxane molecule, beginning 
with the methyl ether, 4.
2.2.2.1) Synthesis of l,3-#w(4-methoxyphenoxy)-l,l,3,3-tetramethyldisiloxane
This section describes all attempts to synthesise the methyl-protected disiloxane, 5. The 
methyl ether of 4-bromophenol, 4-bromomethoxybenzene (or 4-bromoanisole), 4 is 
commercially available, so there was no need to resort to an initial etherification reaction.
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First attempted synthesis
This compound was first synthesised using a method already described in the literature1. 
4-Bromomethoxybenzene, 4, was converted to 4-methoxyphenylmagnesium bromide in 
the presence of dichlorodimethylsilane. The Grignard reagent reacted with 
dichlorodimethylsilane to form chloro(4-methoxyphenyl)dimethylsilane. Upon quenching 
with water, this was hydrolysed to the silanol, which immediately condensed to form the 
target molecule, 5, as a pale green oil. The yield was approximately 61%. The NMR 
spectrum showed all of the expected peaks: a multiplet between 0*08 and 0-29 p.p.m., 
caused by the methyl protons attached to the siloxane, a methoxy singlet at 3-80 p.p.m. and 
a complex multiplet between 6-39 and 7-49 p.p.m. arising from the presence of the 
aromatic protons. However, several unidentified impurities were also detectable in the 
aliphatic region of the spectrum (see Figure 2.7, below). It was decided that purification at 
this stage was unnecessary and that the cleavage of the methyl ether could be attempted.
P PM
Figure 2.7: !HNMR spectrum of 1,3-bis(4-methoxyphenoxy)-l, 1,3,3-tetramethyldisiloxane
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Scaled-up synthesis
The siloxane formation reaction required at least forty-eight hours of stirring, making it a 
veiy time-consuming reaction, particularly if it were to be undertaken commercially. It 
was decided to attempt to scale the reaction up in order to make this step more efficient. It 
was also decided to use only tetrahydrofuran (THF) as solvent, rather than a mixture of 
THF and diethyl ether as had been tried previously. A fresh batch of 
dichlorodimethylsilane was used, in the hope that this would improve the yield. 
Dichlorodimethylsilane is a reactive compound and can quickly degrade once a bottle has 
been opened.
It appeared that these changes were beneficial, although it is difficult to know whether this 
was due to the change in reaction conditions or the fresh reagent. It was possible to form 
the target compound with a crude yield of 68 %.
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2.2.2.2) Attempted cleavage of the methyl ether using hydrohalic acids
Figure 2.8: Deprotection of the methyl ether
Having successfully synthesised the methyl-protected disiloxane, 5, the next step was to 
deprotect the hydroxyl group. This section describes attempts to effect cleavage of the 
methyl group. Methods for the cleavage of ethers have been well documented in the 
literature2. The cleavage of methyl ethers has been described in several papers, for 
example, one by Kawasaki and co-workers3. Hydrogen halides are the reagents classically 
chosen to accomplish the removal of an alkyl group from an alkyl-aryl ether. Hydriodic 
acid, in general, tends to give the best results of the hydrohalic acids4,5, and, thus, it was 
decided to attempt a deprotection by refluxing the methyl ether with HI, using acetic acid 
as co-solvent, according to a literature method.
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Attempted deprotection using hydriodic acid
Figure 2.9: Deprotection of the methyl ether using hydriodic acid
1,3-Rw(4-methoxyphenyl)-1,1,3,3-tetramethyldisiloxane was dissolved in a 5:1 mixture of 
hydriodic acid and acetic acid and refluxed in a round-bottomed flask for twenty-four 
hours. After cooling, the solution was jet black, although treatment with decolourising 
charcoal reduced this to a very deep red colour. The solution was filtered and the organic 
products extracted into dichloromethane, but separation of the phases was rendered 
extremely difficult, due to the similarity in colour between the two, even with a halogen 
lamp shone behind the separating funnel. After evaporation, an intensely brown oil was 
obtained, which was not analysed further.
Attempted demethylation with hydrobromic acid
Since the reaction with hydriodic acid was not particularly clean, largely due to the 
presence throughout the reaction of free iodine, it was decided to attempt an alternative 
procedure.
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Several reagents have been reported to cleave methyl ethers, including hydrobromic 
acid4,6, aluminium(m) chloride7, aluminium(lil) bromide8, and boron trichloride9,10. For 
reasons of convenience, the first-named was chosen. Although this can be used with a 
phase-transfer catalyst to improve reaction times11, the reaction was initially attempted 
using similar conditions to those for HI.
1,3-5w(4-methoxyphenyl)-1,1,3,3-tetramethyldisiloxane was dissolved in a 5:1 mixture of 
hydrobromic acid and acetic acid and heated to reflux for twenty-four hours. This 
produced a dark orange solution. After rotary evaporation, a deep black impure tar was 
obtained. Flash chromatography, using dichloromethane as eluent, yielded a number of 
apparently pure compounds. Unfortunately, none of these products appeared to 
correspond to the target structure when analysed by *H NMR spectroscopy (example 
shown in Figure 2.11, on the following page). Some demethylation was observed, but the 
spectrum was consistent with a very complex mixture of products. It appeared that a 
number of side reactions were occurring, which were probably a result of the somewhat 
harsh conditions being used.
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Figure 2.11: 'H NMR spectrum of the principal product ofHBr cleavage 
Attempted demethylation using hydrobromic acid and a phase transfer catalyst
Figure 2.12: Attempted demethylation of 5 with hydrobromic acid and a phase transfer catalyst
Since the attempted synthesis with hydrobromic acid alone had been unsuccessful, it was 
decided to attempt to seek a milder set of reaction conditions. It has been reported that 
demethylation of certain ethers can be effected under milder conditions using hydrobromic 
acid and a phase transfer catalyst11.
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A number of phase transfer catalysts have been used, including 
tributylhexadecylphosphonium bromide, tetraoctylammonium bromide and 
methyltrioctylammonium chloride. It has been claimed that yields of up to 91% have been 
obtained from phenyl methyl ethers.
Tributylhexadecylphosphonium bromide, which is available commercially, was chosen for 
this reaction. The conditions for using the phase transfer catalyst, however, were not much 
milder than for the acid alone, refluxing for twenty-four hours in a 47% aqueous solution 
of hydrobromic acid in the presence of tributylhexadecylphosphonium bromide. After 
extraction into dichloromethane, this produced a deep brown oil, which showed a complex 
mixture of products in TLC, using dichloromethane as eluent. The !H NMR spectrum, in 
deuterated chloroform on a 60 MHz instrument, showed no evidence for the existence of 
the target compound. No siloxane signals were visible in the spectrum.
The experiment was repeated with similar results. Purification was attempted by flash 
chromatography, using a slurry-packed silica column and dichloromethane as eluent. Only 
mixed fractions were obtained, as a selection of deep green oils. The quantities recovered 
were insufficient to allow NMR or IR analysis to be undertaken.
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In the original paper11, it was reported that the reaction rate increases with the amount of 
catalyst used. In an effort to shorten the amount of time during which the reaction needed 
to be kept at reflux, it was decided to use a larger amount of catalyst. The results obtained 
were not significantly different. Purification by flash chromatography of the brown oil 
obtained, using dichloromethane as eluent, did not yield enough pure product to allow 
analysis to be carried out.
2.2.2.3) Attempted cleavage of the methyl ether with boron tribromide
Figure 2.13: Attempted demethylation of 5 with boron tribromide
The hydrogen halides appeared to be too destructive to accomplish successful 
demethylation of the siloxane compound. For this reason, it was decided to attempt a 
milder, more selective, dealkylating agent. Ether cleavage is a widely studied reaction and 
an excellent review has been published by Bhatt and Kulkami2.
Boron tribromide, a well-known reagent for the demethylation of aryl methyl ethers, was 
thus chosen as a potential alternative. Its usage was first reported in 194212, but it did not 
enter regular use until the 1960s. Unlike the hydrogen halides, it is commonly used at 
much lower temperatures, and is very selective. It is now the one of the reagents of choice 
for the cleavage of alkyl aryl ethers to yield the free phenol.
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Literature examples of demethylations using boron tribromide often use reduced 
temperatures2. The methyl ether was cooled in an ice bath and a IM solution of boron 
tribromide in dichloromethane was added under anhydrous conditions. The reaction vessel 
was stirred at room temperature for two hours, but the sample showed no visible reaction 
when studied by TLC.
It was necessary to reflux at 45 °C overnight to obtain any reaction. A complex mixture of 
products was obtained, which were purified by flash chromatography, using a 1:1 mixture 
of heptane and ethyl acetate as eluent. Unfortunately, the NMR spectra of the products 
obtained did not indicate the presence of the target compound: no silyl signals were 
present in the region 0 to 0-5 ppm.
Although no reaction had been observed prior to heating to reflux, it was decided to 
attempt the synthesis using milder conditions. It was hoped that addition of boron 
tribromide at lower temperatures would minimise any destruction of the reagents, and 
make the reaction more efficient. This, however, did not prove to be the case; the results 
obtained were not significantly different.
The synthesis was repeated using the same conditions. The green oil obtained was studied 
by HPLC, with the ultimate aim of using preparative HPLC to effect separation. A very 
complex mixture was obtained, with two principal peaks.
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The *H NMR spectrum of the crude compound was taken. Although it appeared to contain 
signals that could be attributed to the target compound (aromatic protons between 6-8 and
1-2 p.p.m., a possible hydroxyl signal at 5-2 p.p.m. and Si-CZZj signals at OT p.p.m.), many 
other signals were present, as can be seen from the LH NMR spectrum below.
8 7 6 5 4 3 2 1 0
P P M
Figure 2.14: ‘H NMR spectrum of the crude product
In an effort to determine whether one of the TLC spots was caused by the target 
compound, purification was attempted using preparative TLC.
Trace quantities (ca. 10 mg) of each of the five constituents visible on the TLC plate were 
isolated. However, when these compounds were re-analysed on a fresh TLC plate, they 
still appeared as complex mixtures.
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The two principal fractions were both analysed by IR and 'H NMR spectroscopy. 
Evidence was observed in IR for the absence of a methoxy group and the presence of a 
hydroxyl group. ‘H NMR spectroscopy of both compounds in deuterated 
dimethylsulphoxide (DMSO) showed a typical 1,4-disubstituted benzene ring structure, 
but there was no evidence of any remaining silyl groups between 0-5 ppm and -0*5 ppm. 
One of these spectra is reproduced in Figure 2.15, below. The absence of the siloxane 
signals could well be the result of cleavage of Si-CH3 bonds: boron tribromide might well 
cleave Si-C bonds as well as O-C bonds. Cleavage of Si-0 bonds would also be 
conceivable: cleavage of Si-0 bonds by Lewis acids has been reported in the literature to 
take place under certain conditions13. Elemental analysis did not correspond with the 
starting material, target compound, or any simple possible products (e.g. 4-bromophenol).
P P M
Figure 2.15: NMR spectrum of one of the preparative TLC fractions
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Since boron tribromide is a highly reactive compound, it was decided to study the reaction 
throughout with HPLC, for fear that the reaction was being maintained at reflux for longer 
than necessary. A large excess of boron tribromide was also used. The injections were 
eluted isocratically with a 7:3 mixture of methanol and water; a UV detector at 254 nm 
was used. The starting material consisted of two main peaks, with a small third peak.
No change in the HPLC profile was observed after twenty-four hours of stirring. Twenty- 
four hours of reflux heating also failed to cause any change in the HPLC profile. The total 
absence of any reaction was rather puzzling, since previous syntheses clearly altered the 
starting material. Since boron tribromide is a highly reactive compound, and since the 
bottle from which it was taken had been open for a number of months, it was hypothesised 
that the reagent might have degraded over time. However, owing to time constraints and 
promising results in other parts of the project, this hypothesis was never tested by using 
fresh reagents.
2.2.2.4) Summary of methyl ether protection and subsequent cleavage attempts
It proved relatively simple to synthesise the methyl-protected disiloxane, 5. Although the 
reaction was time-consuming, it was not labour intensive and can be scaled up relatively 
simply. Yields of 65% are typical.
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Cleavage of the methyl group to yield the free hydroxyl compound, the 6zsphenol-A-like 
compound, 6, was more problematic. Hydriodic acid proved to be a very inconvenient 
reagent to use, as a result of its tendency to contaminate solvents with intensely coloured 
molecular iodine. Hydrobromic acid appeared to cleave the Si-C bond in the molecule, 
whether used alone or with a phase-transfer catalyst. Boron tribromide was effective at 
cleaving the O-CH3 bond, but also broke the Si-C bond.
For this reason, it was necessary to investigate alternative routes to the target monomer.
2.2.3) Alternative methods for protecting a hydroxyl group
It seemed that cleavage of the methyl ether would be very problematic. Several of the 
main accepted methods were tried, all of which also destroyed the siloxane linkage. For 
this reason, it was decided to attempt a more labile protecting group, in the hope that the 
cleavage conditions required would be less destructive to the Si-0 bond. A summary of 
some of the main hydroxyl-protecting ethers, and the conditions commonly used to cleave 
them, is shown in Figure 2.16, on the following page.
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Figure 2.16: Summary of cleavage conditions for several commonly used hydroxyl protecting groups
Protection of alcohols by transformation into ethers is a very well-known and very 
versatile technique. A large range of ether protecting groups is available to the synthetic 
chemist. The protection is usually a trivial procedure, and can be accomplished by 
reacting the hydroxyl compound with an alkyl (or aryl) halide in the presence of a base.
The methyl group is the most robust hydroxyl-protecting group. This can be used to resist 
fairly harsh reaction conditions. Other protecting groups, such as the isopropyl, ter/-butyl, 
benzyl and tetrahydropyranyl (THP) groups are usually far more readily cleaved. As a 
general rule, the order of lability of alkyl protecting groups may be expressed as shown 
below:
-OCH3 < -OCPI2R « -OCH2Ph < -OC(CH3)3 * -OCH2OCH3 « -O-THP
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2.2.3.1) Methyl or ethyl protection
During Aspin’s initial attempt to synthesise the target siloxane-containing cyanate ester1, 
several protecting groups were tried, including tetrahydropyranyl (THP) and trimethylsilyl 
(TMS) ethers. These proved too labile during the Grignard reaction.
The methyl group was initially considered a possible alternative due to the commercial 
availability of the bromomethoxybenzene compounds. Very few bromophenoxy ethers are 
available commercially, but all three bromophenols are. The alkylation of phenols is a 
very well-known and usually very efficient reaction, and it is simple to envisage protection 
of the bromophenol by the reaction shown below. This would allow a wide variety of 
potential protecting groups to be used.
(7) (8)
Figure 2.17: Alkyl protection of 4-bromophenol
However, as has been seen during this project, the methyl group was too robust to be 
cleaved without destruction of the siloxane function. It has been reported that aryl ethyl 
ethers are more readily dealkylated than the corresponding aryl methyl ethers14. 
4-Bromoethoxybenzene is available commercially and could potentially be cleaved under 
milder conditions than those employed for the methoxy group. Longer chain alkyl groups, 
or branched groups, such as the isopropyl group, could also be attempted if necessary.
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Non-acidic methods for methyl ether cleavage have also been reported. A patent has 
claimed that aromatic methyl ethers in steroids can be cleaved using a hindered Lewis 
base, such as di-isobutylaluminium hydride (DIBAL-H) or tri-isobutylaluminium (TIBA), 
under fairly mild conditions15. This is a potentially interesting reaction, worthy of further 
study.
2.2.3.2) The benzyl group
The benzyl group is another well-known protecting group, and one that is generally very 
easily removed. It is a very commonly used protecting group in organic chemistry, 
especially in peptide synthesis, where its ease of incoiporation and cleavage make it a 
particularly attractive reagent. Methods for the synthesis of benzyl ethers have been 
widely reported in the literature16,17; yields greater than 90% are not uncommon.
The most common means for cleaving the benzyl group are catalytic hydrogenation and 
the use of trifluoroacetic acid (TFA) at 0 °C. The former reaction has been well 
documented and a number of reviews have been written upon the subject18,19. The benzyl- 
oxygen bond is generally very easily cleaved, even under very mild conditions. The best 
results are reported to be obtained by using palladium on carbon as a catalyst. Other 
transition metal catalysts either give inferior results (e.g. platinum, nickel) or preferentially 
hydrogenate the aromatic ring system (e.g. ruthenium, rhodium).
M.A. Pullinger Synthesis and Characterisation of Novel Polymeric Materials for High Temperature Composite Applications
It should be relatively simple to obtain the benzyl ether of 4-bromophenol using the 
method shown in Figure 2.17. Since the /rara-substituted benzene rings studied in this 
project would be unaffected by the mild hydrogenation conditions required to convert a 
benzyl group to free toluene, and since the siloxane function should not be susceptible to 
hydrogenation, this route would provide another alternative means of obtaining the target 
phenol.
2.2.3.3) The terf-butyl group
The ter+butyl ether is another very commonly used protecting group. Several methods 
have been reported for the synthesis of the tert-b\xiy\ ethers of alcohols and phenols20,21,22. 
The most commonly used reagents are methylpropene (isobutene) and 2-chloro-2- 
methylpropane (tert-butyl chloride). Although the use of liquefied methylpropene is 
known to give excellent results23, the practical difficulties of using reagents that are 
gaseous at room temperature made it a less appealing route than that offered by the use of
2-chloro-2-methylpropane.
2.2.3.4) The terf-butyldimethylsilyl group
All of the groups so far discussed require cleavage under acidic conditions. It is 
conceivable that such conditions could lead to cleavage of the aryl carbon-silicon bond. In 
this event, an alternative protecting group could be envisaged, the ter+butyldimethylsilyl 
(TBDMS) group.
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The trimethylsilyl group has already been rejected as a possibility, but the tert- 
butyldimethylsilyl group is more robust. This group is usually cleaved under fairly mild 
conditions. Although acidic cleavage is the most commonly employed method, it is also 
possible to liberate the free hydroxyl function by the application of tetrabutylammonium 
fluoride in tetrahydrofuran24.
An excellent review of the use of the various methods of using ethers as hydroxyl 
protecting groups has been published25. These include the benzyl group, tetrahydropyranyl 
(THP) group, methoxymethyl (MOM) group and tert-butyl (Z-Bu) group, amongst many 
others. As was mentioned earlier, the order of ease of cleavage can be summarised as:
-OCH3 < -OCH2R » -OCH2Ph < -OC(CH3)3 » -OCH2OCH3 » -O-THP
The trimethylsilyl group (TMS) and tetrahydropyranyl group have already been tested and 
found insufficiently robust to withstand the Grignard reaction1. For this reason, it was 
decided to attempt to synthesise more stable ethers that could nevertheless be cleaved 
under milder conditions than those required for the methyl ether. Consequently, the tert- 
butyl and benzyl ethers were chosen for further study.
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2.2.3.5) Synthesis of 4-bromo(l,l-dimethylethoxy)benzene
Figure 2.18: Tert-butylprotection of 4-bromophenol
Several methods of protecting hydroxyl groups with the tert-butyl (1,1-dimethylethyl) 
group are known. Reagents used include the 2-halo-2-methylpropanes26 and 
methylpropene27. The use of methylpropene gas was discounted, due to the problems 
associated with the use of gaseous reagents in a research laboratory environment. The 
obvious difficulty is measuring the quantities required precisely. This has to be done by 
measuring the decrease in mass of the gas cylinder, which is not a particularly elegant or 
accurate method, particularly since the procedure ought to be carried out in a fume 
cupboard. A problem of more practical significance was that the laboratory in which this 
project was carried out was not equipped with the required gas cylinder fitting, and the 
high cost of purchasing one could not be justified for just one reaction.
It was decided first to attempt a classic chloroalkane/alcohol reaction to obtain the desired 
ether, using a standard literature technique described by Masada and Oishi . This was 
veiy appealing, as it uses readily available chemicals and extremely mild conditions.
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Although Masada and Oishi have reported that 2-bromo-2-methylpropane gives better 
yields than the chloro- analogue7, the latter was attempted first, due to availability of the 
reagents. 2-Chloro-2-methylpropane was reacted with a tenfold excess of 4-bromophenol 
in the presence of pyridine at 30 °C. After aqueous work-up, the product could then be 
obtained by distillation. !H NMR confirmed the presence of the target compound, and 
indicated that the purity was very good. Although yields of up to 90% have been reported 
using this method, the technique was found to be practically difficult, involving removal of 
excess 4-bromophenol by reduced pressure distillation. Yields were also exceptionally 
low, always below 10%.
The decision to use an excess of the phenol, rather than the far more readily removed 
chloroalkane, appears to be a rather strange choice, but the original paper gave no details 
as to why the conditions described had been selected. It was decided to modify the 
conditions in order to attempt to improve the efficiency of the reaction. Partly owing to 
the difficulties experienced in removing excess phenol and partly owing to the poor yield, 
the reaction was attempted using an excess (20%) of 2-chloro-2-methylpropane. Although 
the reaction work-up was far simpler using this method, the yield was not significantly 
improved. It did, however, prove possible to scale up the reaction considerably without 
any loss of yield. It was decided to attempt to use 2-bromo-2-methylpropane as an 
alternative reagent, using the modified procedure, but yields were not found to be 
significantly higher. The sample appeared to be reasonably pure, with the sharp singlet at
1-32 p.p.m. bearing witness to the presence of the tert-butyl group, but some minor 
impurities were visible (as shown in the !H NMR spectrum on the following page).
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Figure 2.19: JHNMR spectrum of 4-bromo (1,1 -dimethylethoxy) benzene
The literature method was originally applied to phenol and hydroquinone and it appears 
that there is a fundamental problem with applying this method to 4-bromophenol. This 
may well be due to competing reactions taking place. Apart from pyridine, no impurities 
were detectable in the final product, which suggests that any by-products must be phenolic 
and removed by the alkaline washing. However, by combining several batches of the ether 
and washing with IM sodium hydroxide, it was possible to attempt to obtain a purer batch. 
This was used to attempt a synthesis of the tert-butyl protected disiloxane.
The *H NMR spectrum of the purified product is shown on the following page. No major 
impurities were visible.
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Figure 2.20: !H NMR spectrum of purified 4-bromo(l,l-dimethylethoxy)benzene
2.2.3.6) Synthesis of l,3-Z»s(4-(l,l-dimethylethoxy)phenyl)-l, 1,3,3-
tetramethyldisiloxane
Figure 2.21: Formation of a tert-butyl protected disiloxane from 9
The synthesis of this compound was carried out using a slightly modified version of the 
procedure described for the methyl ether in Section 2.2.2.1. The only problem presented 
was the fact that the Ze/T-butyl ether, unlike the methyl analogue, is a solid, which made 
addition slightly more difficult.
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Instead of injection via syringe, it was necessary to scrape the tert-butyl ether starting 
material out of its container with a spatula and drop it down a reflux condenser. NMR 
spectroscopy showed that the target compound had been successfully produced, in 
comparable yields to that for the methyl ether, and also that the impurities present 
appeared to veiy similar to those obtained during the synthesis of the methyl ether.
It was hypothesised that these impurities were traces of the solvents used during the 
reaction and work-up. *H NMR spectroscopy bore out this hypothesis, with the ’H NMR 
signals of the principal contaminants corresponding to those of THF, the reaction solvent, 
and dichloromethane, which was used during the extraction procedure. The compound 
appeared to have a very high affinity for solvents, as long periods of time under high 
vacuum at temperatures above the boiling point of the solvents failed significantly to 
reduce the amount of solvent present.
Possible techniques for purification might be washing the product with cold solvent, or 
reduced pressure distillation. However, owing to the progress of other experimental work 
carried out consecutively (cf. Section 2.2.3.7) and the veiy poor yield obtained for the 
synthesis of the tert-butyl ether, no real efforts were made to purify this compound.
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2.2.3.7) Synthesis of 4-bromo(phenylmethoxy)benzene
Figure 2.22: Benzyl protection o f  4-bromophenol
A very convenient procedure for the protection of hydroxyl groups by conversion to their 
allyl (prop-2-enyl) ethers has been reported in the literature28. It was decided to modify 
this procedure to attempt to obtain the benzyl ether.
4-Bromophenol was dissolved in acetone and reacted with benzyl bromide in the presence 
of potassium carbonate under nitrogen. After eight hours of reflux and aqueous work-up, 
practically quantitative crude yields were obtained. The crude product was slightly yellow 
in colour, with some impurities visible in the *H NMR spectrum, shown in Figure 2.23 on 
the following page.
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Figure 2.23: 'H  NMR spectrum o f  crude 4-bromo(phenylmethoxy)benzene
The sharp singlet at 5-04 p.p.m. was caused by the benzylic protons, whilst the complex 
multiplet between 6-88  and 7*39 p.p.m. was attributable to the aromatic protons in the 
molecule. The peaks at 1-55, 4-51, 5*30 and 7*28 p.p.m. were caused by water (from the 
C D C I3 ), residual benzyl bromide, residual dichloromethane and deuterated chloroform 
respectively. The singlet signal at 1-26 p.p.m. has been attributed to an impurity (possibly 
a stabiliser) in 4-bromophenol, identified from the lH NMR spectrum of that compound.
It proved possible to remove these impurities and to obtain a white crystalline solid by 
washing with methanol at -20 °C. Overall yields were in the order of 80%. The *11 NMR 
spectrum of this purified compound can be found on the following page in Figure 2.24.
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PPM
Figure 2.24: !HNM R spectrum o f  purified 4-bromo(phenylmethoxy)benzene
The reaction was originally attempted with 5 g of 4-bromophenol. Attempts were made to 
scale up the reaction by a factor of two, and later three. Both these reactions were 
successful and produced similar yields.
2.2.3.8) Large-scale synthesis of 4-bromo(phenylmethoxy)benzene
A large-scale (ca. 50 g) synthesis of this compound was attempted, using exactly the same 
conditions as for smaller scale reactions described in Section 2.2.3.7. Although this 
method proceeded as expected, and the product was purified by washing with methanol in 
the normal way, the white, fluffy crystalline solid degraded on the bench top over the space 
of approximately seventy-two hours to a partially liquefied wax.
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A Grignard reaction was attempted on this solid in an attempt to convert it to the 
corresponding siloxane product, 12 (cf. Section 2.2.3.9, below). However, although the 
*H NMR spectrum of the product showed the characteristic methyl-silicon singlet signals 
around 0  p.p.m., the aromatic signals appeared to have diminished in intensity, to judge by 
the integrals. This tends to imply that the aromatic structure had at least partially 
degraded, as can be seen in Figure 2.25, below. The remaining waxy solid degraded to a 
dense green oil, with some residual white solid at the bottom of the flask. This could not 
be recrystallised either by leaving in a vacuum desiccator with phosphorus(v) oxide or by 
leaving overnight in a freezer.
PPM
Figure 2.25: !H NMR spectrum of the degraded benzyl siloxane, 12
M.A. Pullinger Synthesis and Characterisation of Novel Polymeric Materials for High Temperature Composite Applications
There is no obvious explanation for why this should be so. It is possible, although 
somewhat unlikely, that the storage container was contaminated with an acidic compound, 
or that the washing procedure did not remove all of the impurities. It is also conceivable 
that the benzyl ether is unstable in an oxygen atmosphere at room temperature, although 
this seems unlikely, since previous batches of the product had been stored on the bench top 
without incident. Regrettably, there was insufficient time to investigate this phenomenon 
more thoroughly. A small batch of the product could have been examined in the presence 
of hydrochloric acid to test the theory that the compound is unstable in the presence of 
acids. Alternatively, regular aliquots of a batch left exposed to the atmosphere could be 
taken and sampled by lH NMR to test its long-term stability in an oxygen atmosphere to 
test the second hypothesis.
2.2.3.9) Synthesis of l,3-Z>/s(4-(phenylmethoxy)phenyl)-l,l,3,3-tetramethyldisiloxane
Figure 2.26: Synthesis o f  a benzyl-protected disiloxane from  11
As the benzyl ether of 4-bromophenol, 11, had been successfully synthesised in good 
yield, it was possible to proceed to the formation of the siloxane chain via a Grignard 
reaction. The synthesis of this compound was carried out using the same procedure as for 
the tert-butyl ether.
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As with the tert-butyl ether, 9, the only slight difficulty being presented was the fact that 
the benzyl ether is a solid. However, this was less of a problem in this case, as the benzyl 
ether is a crystalline powder, rather than a waxy solid. The results obtained were very 
similar to those for the methyl and tert-butyl analogues. A lH NMR spectrum was run: the 
aromatic area between 6-8 and 7-6 p.p.m. was quite complicated, as one might expect for a 
system with five non-equivalent aromatic C-H bonds. The benzylic protons can be seen by 
the singlet at 5*06 p.p.m., although there is an unidentified impurity slightly upfield of it. 
The siloxane signals are visible between 0 and 0-15 p.p.m. The impurity profile observed 
in !H NMR was also comparable to that seen for the methyl and tert-butyl siloxanes, i.e. 
traces of THF and dichloromethane. The *H NMR spectrum is shown in Figure 2.27, 
below.
PPM
Figure 2.27: 'H  NMR spectrum o f  crude 1,3-bis(4-(phenylmethoxy)phenyl)-l, 1,3,3-tetramethyldisiloxane
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It was possible to solidify the compound by cooling it in a freezer. It would remain solid 
at room temperature once removed from the freezer; yet would melt if manipulated in any 
way, which implies that the melting point must be very low. It proved very difficult to 
remove the solvent impurities by reduced-pressure evaporation, even with a high vacuum 
pump. It was possible to remove most of the impurities by washing with hexane at -78 °C, 
although this approach inevitably led to some contamination by atmospheric moisture as a 
result of condensation. This procedure was also very inefficient, as the product would 
begin to melt on the sinter and pass through into the filtrate.
2.2.3.10) Purification of the benzyl-protected disiloxane
Although it was possible to effect some degree of purification by washing the impure 
green oily benzyl-protected disiloxane, as stated, this was a very inefficient procedure. A 
far more efficient procedure was found, which gives a similar level of purification, but 
with a greater degree of product recovery (40% as opposed to 20%).
It was possible to purify the benzyl-protected disiloxane by solidifying in a freezer and 
washing with small amounts of cold methanol. The compound could then be obtained as a 
beige solid. lH  NMR showed a substantial diminution in the quantities of solvent present, 
i.e. those peaks between 1*5 and 2*1 p.p.m. and those between 3*2 and 3-8 p.p.m. This can 
be seen in Figure 2.28, on the following page.
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Figure 2.28: ‘H  NMR spectrum o f  purified 1,3-bis(4-(phenylmethoxy)phenyl)-l ,1,3,3-tetramethyldisiloxane
2.2.3.11) Attempted syntheses of l,3-Ms(4-hydroxyphenyI)-l, 1,3,3-
tetramethyldisiloxane
Figure 2.29: Cleavage o f  the benzyl-protected disiloxane, 11
The next step in the proposed synthesis was the cleavage of the benzyl ether to yield the 
free hydroxyl groups. These groups could subsequently be cyanated with cyanogen 
bromide to yield the target compound, 1 .
M.A. Pullinger Synthesis and Characterisation of Novel Polymeric Materials for High Temperature Composite Applications
Cleavage of a benzyl ether is a commonly employed reaction in organic synthesis18,19. The 
benzyl group is usually removed catalytic hydrogenation, or via the use of TFA at 0 °C. 
This section describes the attempts to cleave the Bn-0 group in the benzyl-protected 
disiloxane by catalytic hydrogenation.
Attempted cleavage under acidic conditions
Figure 2.30: Catalytic hydrogenation o f  the benzyl ether, 12
Several attempts were made to cleave the benzyl-oxygen bond in the benzyl-protected 
disiloxane compound. Balloon techniques were used, since benzyl ethers are usually 
readily cleaved at room temperature and pressure and since an autoclave, which is 
commonly used to perform high-pressure hydrogenations, was not available.
The first attempt was made by dissolving the unpurified benzyl-protected disiloxane 
compound in acidified methanol in a Buchner funnel. A catalyst of 5% palladium on 
carbon was used, using a ratio of 10% by mass of catalyst. The funnel was stoppered; 
hydrogen gas was added to a balloon from a gas tap, sealed with a clamp and attached to 
the tubing adapter of the Buchner funnel. After work-up, only unreacted starting material 
was recovered, but in solid form, with reduced traces of solvent impurities in the *H NMR 
spectrum.
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Since the first attempt had proven unsuccessful, the reaction was repeated using a different 
solvent: acetic acid. Although there was evidence for some cleavage of the benzyl ether in 
the lH NMR spectrum (a diminution in the intensity of the benzyl signals and the presence 
of a broad peak attributable to a newly-formed hydroxyl peak), the characteristic siloxane 
signals in the area around 0 p.p.m. were almost totally absent, based on the lH NMR 
integrals. This lH NMR spectrum is shown below in Figure 2.31.
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Figure 2.31: ’H  NMR spectrum o f  the product o f  the attempted catalytic hydrogenation o f  11
As this second cleavage reaction was attempted using recycled unreacted material from the 
first attempt, it was decided to try the reaction with fresh starting material, since the 
siloxane signals in the NMR spectrum of the recycled material were very slightly 
different from those of the original starting material.
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These reactions were repeated, this time using a catalyst of 10% palladium on carbon; 10% 
by mass of catalyst was used in all attempts.
Reactions were carried out in methanol slightly acidified with either hydrochloric acid or 
acetic acid. Although the !H NMR spectrum of each product showed a diminution in 
intensity or absence of the benzyl group signals, neither showed any presence of siloxane 
signals. Indeed, a lH NMR spectrum run on an aliquot removed from the reaction mixture 
of the latter appeared to indicate that the siloxane group is cleaved before the benzyl 
group.
This was a rather surprising observation. This reaction was carried out on a relatively old 
batch of the benzyl-protected siloxane, and since the acidity was extremely mild 
(ca. pH 5), it was postulated that the benzyl-protected siloxane might be unstable in air for 
long periods of time. However, all of the bonds in the molecule are reasonably robust, and 
this should not really be the case. It seems more probable that the aryl-siloxane bond is 
exceptionally readily cleaved under acidic conditions.
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Attempted cleavage under neutral conditions
Figure 2.32: Catalytic hydrogenation o f  the benzyl ether, 1 1 ,  under neutral conditions
As a result of the problems encountered with cleavage under acidic conditions, the reaction 
was attempted in unacidified methanol. The reaction apparatus was as used for the 
previous syntheses; the methanolic reaction mixture was stirred under hydrogen for a 
week. Extraction was carried out using diethyl ether, as opposed to dichloromethane. 
Although total cleavage of the benzyl group was observed, the siloxane signals were also 
absent.
It appears that the siloxane group is just too fragile to survive the conditions used for 
hydrogenation. An alternative procedure might involve an oxygen bridge, such as the 
compound shown in Figure 2.33, below. However, this would remove any potential 
benefits from direct Si-C bonding.
Figure 2.33: Bis(4-cyanatophenoxy)dimethylsilane
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2.2.4) Discussion of ether cleavage
The scientific literature on the strength of the Ar-Si bond is somewhat contradictory. A 
review of organosilicon chemistry was published in the 1950s and provides a 
comprehensive overview of the topic29. It states that the C-Si bond, particularly the Ar-Si 
bond, can readily be cleaved by halogens and hydrogen halides13. This fact may account 
for some of the failures of the early attempts to cleave the alkyl protecting groups. 
However, the literature is not conclusive on this subject, as a more recent paper has shown 
some silicon compounds to be stable under acidic conditions30. Hay et a l  have reported 
Ph-Si bonds to be impervious to cleavage by iron(m) chloride and alkyl chlorides during a 
non-hydrolytic sol-gel synthesis of various silsesquioxanes. Previous literature would 
have suggested that Ph-Si bonds would be cleaved in the presence of a Lewis acid such as 
iron(m) chloride. The paper showed that reacting silanes together in the presence of 
iron(m) chloride in an open system, which allowed the alkyl chloride to escape, was 
successful in synthesising a variety of silsesquioxanes without cleaving Ph-Si bonds or 
vinyl C-Si bonds.
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This report suggested that the aryl carbon-silicon bond might be more stable under Lewis 
acid conditions than had been previously reported. However, the aryl siloxanes studied in 
this project have all been unstable under even mildly acidic conditions. Cleavage of ethers 
under basic conditions tends to require rather vigorous reagents, such as sodium metal, 
ethylsodium or, less effectively, ethyllithium2. Other protecting groups that are cleaved 
under basic conditions, such as the formate and trifluoroacetate groups, will clearly not be 
practical here, since esters are well known to react with Grignard reagents to form 
ketones31 or tertiary alcohols32.
Methyl ethers are usually cleaved by Lewis acids, such as boron tribromide. In cases 
where this is too vigorous a reagent, it is sometimes possible to cleave by using a hindered 
Lewis base, such as di-isobutylaluminium hydride (DIBAL-H) or tri-isobutylaluminium 
(TIBA) . These have been reported to give excellent deprotection yields for molecules 
sensitive to Bronsted-Lowry and Lewis acids33,34.
Another possible series of protecting groups is the family of trialkylsilyl groups, such as 
the trimethylsilyl group or the terf-butyldimethylsilyl group. These were briefly 
investigated in the synthesis of the target disiloxane in a previous project, but, in that case, 
the group was used to protect the hydroxyl function from an organolithium species, rather 
than a Grignard reagent1. The tert-butyldimethylsilyl group (TBDMS) is readily removed 
by mild acid treatment35 or by the use of tetrabutylammonium fluoride36. Silylation of 
hydroxyl groups is a relatively simple reaction, which made this group an ideal possible 
alternative protecting group.
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2.2.5) Alternative hydroxyl-protecting groups -  non-alkyl
It was decided to attempt to synthesise a terfrbutyldimethylsilyl protected disiloxane and 
attempt to form the target siloxane-containing cyanate ester from this compound. This 
section describes the results of this work.
2.2.5.1) Synthesis of 4-bromo((l,l-dimethylethyl)dimethylsiIyl)benzene
Figure 2.34: Protection o f  4-bromophenol as its tevt-butyldimethylsilyl ether
Protection of 4-bromophenol with the te/7-butyldimethylsilyl group proved quite 
straightforward. A modified literature procedure36 was used, which involved heating the 
phenol and chloro(l,l-dimethylethyl)dimethylsilane (or terZ-butylchlorodimethylsilane) 
overnight at 35 °C with an imidazole catalyst in A,A-dimethylformamide (DMF). The first 
attempt gave a rather disappointing yield, and the pungent odour suggested DMF 
contamination. However, in subsequent experiments, washing with mild acid during the 
work-up allowed the protected phenol to be synthesised in virtually quantitative yield.
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The !H NMR spectrum is shown below. The singlet at 0-18 p.p.m. was assigned to the 
methyl protons, the sharp singlet at 0-98 p.p.m. to the tert-butyl protons and the doublet of 
doublets in the aromatic region to the 1,4-disubstituted aromatic system. Most of the 
smaller signals arose from residual solvent traces, e.g. the triplet at T21 p.p.m. as a result 
of ether, the singlet at 1-38 p.p.m. as a result of HDO, etc.
PPM
Figure 2.35: ‘HNM R spectrum o f  4-bromo((l,l-dimethylethyl)dimethylsilyl)benzene, 13
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2.2.5.2) Synthesis of l,3-6/s(4-((l,l-dimethylethyl)dimethylsilyloxy)phenoxy)-l,l,3,3- 
tetramethyldisiloxane
Figure 2.36: Formation o f  a tevt-butyldimethylsilyl-protected disiloxane from  the ether, 14
Having formed the TBDMS-protected phenol, 13, it proved possible to synthesise the tert- 
butyldimethylsilyl-protected disiloxane compound using the Grignard reaction that was 
employed for all the siloxanes previously made (cf. Sections 2.2.2.1, 2.2.3.6  and 2.2.3.9). 
The yield for this synthesis was comparable to those for the analogous reactions. The *H 
NMR spectrum is shown in Figure 2.37, on the following page. It is very similar to the 
spectra of previously synthesised phenyl siloxanes (cf. Figure 2.7), apart from the sharp 
singlet at 0-99 p.p.m. caused by the tert-butyl group attached to silicon.
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Figure 2.37: lHNM R spectrum o f  1,3-bis(4-((l, 1 -dimethylethyl)dimethylsilyloxy)phenoxy)-l, 1,3,3-
tetramethyldisiloxane
2.2.5.3) Attempted cleavage of the tert-butyldimethylsilyl protecting group
Figure 2.38: Attempted deprotection o f  the tert-butyldimethylsilyl protected disiloxane, 15
A  brief attempt was made to remove the tert-butyldimethylsilyl protecting group by mild 
acid washing. However, as for the analogous ethers, it proved impossible to cleave the 
protecting group without also affecting the siloxane function. Cleavage was attempted 
using several different concentrations of aqueous acetic acid.
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Although the *H NMR spectrum showed that the silyl protecting group had been removed, 
there was no evidence for the presence of any silicon in the molecule.
Cleavage using a solution of tetrabutylammonium fluoride in THF produced a green solid. 
The lH NMR spectrum was not consistent with the desired product. The aromatic signals 
appeared to be consistent with a 1,4-disubstituted system, but, although there were some 
faint signals in the siloxane region, there were clearly not strong enough to be caused by 
the expected Si-CH3 groups. It seems, therefore, that these reaction conditions were 
extremely destructive to the starting material.
PPM
Figure 2.39: lH  NMR spectrum o f  the tetrabutylammonium fluoride cleaved product
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2.2.6) Attempted demethylation of the methyl-protected disiloxane (5), 
with DIBAL-H
Figure 2.40: Attempted cleavage o f  the methyl-protected disiloxane, 5, with DIBAL-H
Demethylation was attempted using a literature procedure33. The methyl-protected 
siloxane compound, 5, was dissolved in heptane and reacted with a IM solution of 
di-isobutylaluminium hydride in heptane. After quenching and extraction into IM 
aqueous sodium hydroxide, the product was re-extracted into dichloromethane. After 
drying and evaporation, a green oil was obtained. The lH NMR spectrum showed no 
aromatic signals, thereby making it incompatible with the target compound.
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2.2.7) Proposed one-step Friedel-Crafts synthesis of the target siloxane
As has been shown in the preceding sections, the route to the proposed target molecule via 
a Grignard reaction proved unsuccessful. This made it necessary to consider other 
possible routes to the target molecule. The reactions examined so far have all aimed to 
synthesise the disiloxane moiety in the laboratory. However, a series of siloxane 
molecules is available commercially from standard suppliers. Examples include 1,3- 
dichloro-1,1,3,3-tetramethyldisiloxane, 15, 1,5-dichloro-l, 1,3,3,5,5-hexamethyltrisiloxane, 
16, and l,7-dichloro-l,l,3,3,5,5,7,7-octamethyltetrasiloxane, 17, which are shown below.
c h 3 c h 3
Cl— S i - O - S i - C l  
I I
c h 3 c h 3
(15)
c h 3 c h 3 c h 3
Cl— S i - O - S i - O - S i - C l  
I I I
c h 3 c h 3 c h 3
(16)
c h 3 c h 3 c h 3 c h 3
I I I I
Cl— S i - O - S i - O - S i - O - S i - C l  
I I I I
c h 3 c h 3 c h 3 c h 3
(17)
Figure 2.41: Commercially available siloxane compounds
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The first-named compound could potentially be functionalised by substitution of the 
chlorine atoms. A Friedel-Crafts-type reaction would be one possible way of achieving 
such a transformation.
2.2.7.1) An introduction to the scope of the Friedel-Crafts reaction
The Friedel-Crafts alkylation reaction is a very well known reaction, first reported in 1877. 
It is one of the most useful means for introducing an alkyl substituent into an aromatic ring 
system. The mechanism of the reaction has been well documented37’38, and is outlined in 
Figure 2.42, below.
R - X :  AlCfe , r ©[XA1C13]0  : ^ = ± :  R ® +  [XAlcy®
R©
H
R
[XAKI3] ®
Figure 2.42: Friedel-Crafts allcylation reaction
Although the reaction can be very useful, it has several potential drawbacks. First, it is 
often difficult to obtain a pure product. The alkylated product is often more susceptible to 
alkylation than the starting material, which can lead to polyalkylation of the product. This 
can be minimised by using a large excess of the arene, or by using bulky alkyl groups.
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Second, the reaction only works for haloalkanes; the carbocations of haloalkenes and 
haloarenes are too unstable to be formed under Friedel-Crafts conditions. Third, strongly 
deactivating groups (e.g. sulphonic acid substituents, nitro groups and carbonyl groups) all 
inhibit the reaction, by making electrophilic substitution unfavourable.
Although largely untested, the reaction could conceivably work for silyl species as well as 
for alkyl substituents, particularly as the hydroxyl group in phenol will activate the ring 
towards electrophilic substitution. Owing to the potential time-savings offered by such a 
route, and the difficulties in following the initially postulated route, it was decided to 
attempt a one-step synthesis of l,3-Z?fr(4-hydroxyphenyl)-l,l,3,3-tetramethyldisiloxane, 6 , 
from phenol and l,3-dichloro-l,l,3,3-tetramethyldisiloxane, 15.
2.2.7.2) Alternative route to the siloxane-protected cyanate ester
The proposed reaction route to the target siloxane monomer via a Grignard reaction has 
several problems associated with it. The ether cleavage step proved particularly 
destructive to the siloxane group. The proposed route also involved several steps, some of 
which had rather low yields and produced considerable amounts of impurities. In addition, 
some of the reactions would not lend themselves well to industrial scale-up.
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Although this project was not principally concerned with industrial practicality, potential 
industrial applications should always be borne in mind, where possible. For this reason, 
and owing to the fact that some of the reactions carried out are not particularly efficient, an 
alternative route to the phenol was proposed.
The hydroxyl group, when attached to an aromatic system, activates the ring towards 
nucleophilic attack at the ortho- and /?ara-positions. A Friedel-Crafts-type alkylation 
reaction of phenol would, therefore, take place at these positions. If the attacking 
nucleophile were large enough, steric hindrance would make attack at the /?ara-position 
preferential.
Silylation using Friedel-Crafts conditions has not been investigated thoroughly. However, 
owing to the greater electropositivity of silicon compared to carbon, it is possible to 
envisage a reaction occurring between phenol and l,3-dichloro-l,l,3,3- 
tetramethyldisiloxane, as summarised in Figure 2.43, on the following page.
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Figure 2.43: Potential one-step synthesis o f  the bisphenol species
The oxygen atom attached to the silicon atom should polarise the Si-Cl bond further, and 
potentially make the use of a Lewis acid polarising agent unnecessary. The product could 
then be cyanated as previously proposed. If this reaction could be carried out successfully 
in moderate to high yield, it would eliminate the protection and deprotection steps that are 
currently necessary. It would also replace the inefficient siloxane coupling stage with a 
hopefully cleaner reaction. The analogous tri- and tetrasiloxanes are also available 
commercially, which would allow some scope for modification and optimisation of the 
properties of the cyanate ester (e.g. melting point, melt viscosity or hydrophobicity).
It would probably be impossible to prevent some attack from occurring at the ortho- 
positions. However, the resultant branched phenol could well lead to a monomer with 
interesting properties. The intention of the project was to include the study the ortho- and 
meta-substituted cyanate esters, as well as their para-analogue.
-85-
M.A. Pullinger Synthesis and Characterisation of Novel Polymeric Materials for High Temperature Composite Applications
2.2.13) A ttem p ted  syn th esis in  the p resen ce o f  a lu m in iu m (in ) ch lorid e
Scheme 3.44: One-step Friedel-Crafts reaction with AlCl3 catalyst
Phenol, 18, and aluminium(m) chloride were added to nitrobenzene, and 1,3-dichloro-
1,1,3,3-tetramethyldisiloxane, 15, was added dropwise. The mixture was worked up under 
aqueous conditions after reflux heating for several hours: a mixture of compounds was 
obtained. Flash chromatography on a silica column using dichloromethane as eluent was 
used to isolate a compound less polar than phenol. Although *£1 NMR suggested the 
presence of a para-disubstituted aromatic system, there was no evidence for the 
incorporation of the disiloxane function.
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2.2 .7 .4) M od ified  syn th etic  con d itions
Scheme 3.45: One-step Friedel-Crafts synthesis without AlCl3 catalyst
The reaction was repeated using conditions similar to those described in the previous 
section; however, an excess of l,3-dichloro-l,l,3,3-tetramethyldisiloxane was used, rather 
than an excess of phenol, since the former should be more readily removed during work­
up. This was unsuccessful, so the reaction was carried out in the absence of aluminium(ni) 
chloride. No reaction was apparent on a TLC plate, and no evidence for the incorporation 
of a siloxane function could be found in the [H NMR spectrum.
Both of these attempted syntheses were repeated, but the reactions were heated to 80 °C 
for twenty-four hours. The reaction with aluminium(ni) chloride produced a charred black 
liquid. After work-up, no evidence of siloxane incorporation could be detected in the !H 
NMR spectrum. The reaction with no catalyst produced a much cleaner product, but, 
similarly, no evidence of the target compound was observed. Both, however, seemed to 
suggest that some reaction had taken place, since a 1,4-disubstituted benzene system could 
be observed.
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The reactions were repeated by adding the 1,3-dichloro-l, 1,3,3-tetramethyldisiloxane to 
the reaction mixture at a temperature of -20 °C. As no reaction had been observed after a 
day of stirring at ambient temperature, the mixture was heated to 80 °C for a day. Results 
were similar to the previous reactions.
This reaction was not studied in depth, as it was highly speculative and the results were not 
promising.
2.2.8) Summary of siloxane work
The work to produce the desired siloxane cyanate ester, 1, was ultimately unsuccessful, but 
it did produce some interesting results. First, it demonstrated that the Si-C linkage in aryl- 
substituted siloxanes is extremely susceptible to cleavage under acidic conditions. A 
number of different 6A(4-alkoxyphenyl)disiloxanes were investigated in the course of the 
project. The cleavage conditions for all of these resulted in destruction of the Si-C linkage 
as well.
The most common cleavage conditions for ethers are acidic. This made progress with this 
route extremely difficult. The Si-C bond showed a considerable weakness under these 
conditions. There was some prior art that had given cause for optimism that these bonds 
might be able to withstand such conditions, but these findings were not borne out by this 
project. In a study of the benzyl ether, cleaved by catalytic hydrogenation, it was shown 
that the Si-C bond was cleaved before the benzyl group. This was a rather surprising find.
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Unfortunately, the Friedel-Crafts route studied was a speculative reaction, which did not 
prove successftil. Therefore, for the target compound to be successfully synthesised, it 
may well take an entirely different approach, which will be discussed in greater depth in 
Chapter 5, under further work.
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2.3) Phosphazene chemistry
2.3.1) Background information
One of the principal target molecules of this project was the phosphazene-containing 
cyanate ester molecule, shown below.
(2 )
Figure 2.46: Target cyanate ester structure
There has been increased interest in organic/inorganic hybrids in recent years as potential 
new materials for a variety of applications. Phosphazenes have been extensively studied: 
see Chapter 1 of this thesis for a brief review.
This section discusses the work performed towards the synthesis of the target cyanate ester 
shown above. The synthetic route followed is shown in Figure 2.47 on the following page.
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Figure 2.47: Proposed synthetic route to the target cyanate ester
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The rationale behind this synthesis is thus: first, it is necessaiy to block four of the reactive 
chlorine sites by reacting them with ‘inert’ phenoxy groups. This will stop any farther 
reactions from taking place at these sites and will prevent the formation of a highly 
crosslinked (and, hence, brittle) final polymer. After this step, protected hydroxyphenoxy 
groups (i.e. alkoxyphenoxy groups) must be added as a precursor to cyanation. 
Deprotection of the hydroxyl groups should then allow cyanation to be carried out with 
cyanogen bromide.
2.3.2) Phosphazene reactive-site blocking reactions
In order to prevent the formation of highly crosslinked polymers, it is possible to block 
several of the reactive chlorine sites in the usual starting material for phosphazene 
polymers, hexachlorocyclotriphosphazene (or phosphonitrilic chloride trimer). The 
protection of hexachlorocyclotriphosphazene with from one to six phenoxy groups has 
been described in an excellent paper by Y.W. Chen-Yang et al.39. Conditions have been 
quoted to favour the formation of any of the possible products, i.e. from monophenoxy- 
substituted through to hexaphenoxy-substituted. Yields of up to 77% have been quoted for 
the formation of the tetraphenoxy-substituted cyclotriphosphazene.
The first attempted synthesis of l,3-dichloro-l,3,5,5-tetraphenoxycyclotriphosphazene 
used a slightly modified version of the procedure described in this paper. 
Tributylhexadecylphosphonium bromide was used as a phase transfer catalyst, instead of 
methyldioctylammonium bromide, due to its availability.
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2 .3 .2 .1) Synthesis o f  l,3 -d ich lo ro -l,3 ,5 ,5 -te tra p h en o x y cy c lo tr ip h o sp h a zen e
Cl Cl PhCX OPh
^p^ P
N ^  ""N 4 PhOH, CH2CI2 N ^  ^N
Cl 1 II Cl --------------------► Cl 1 II Cl
P+ xP  I N 1
(C4H9)3(C16H3 3)Pe Br0
/ N \
Cl Cl PhO OPh
(19) (2 0 )
Figure 2.48: Tetraphenoxy substitution ofhexachlorocyclotriphosphazene
The synthesis was carried out by mixing together an aqueous solution of phenol and 
sodium hydroxide with a solution of hexachlorocyclotriphosphazene and 
tributylhexadecylphosphonium bromide in dichloromethane, which was stirred vigorously 
for forty minutes. The synthesis presented few difficulties and a mixture of three products, 
presumably the tri-, tetra- and pentaphenoxy-substituted compounds, was obtained as a 
highly viscous colourless oil. Nevertheless, it proved quite simple to isolate the desired 
compound as a very viscous colourless oil in 64% yield by flash chromatography, using a 
3:2 mixture of chloroform and heptane.
The principal problems connected with this column involve the purification. Owing to the 
viscosity of the product, it was impossible to add the oil directly to the top of the column. 
For the purification attempted, the product was dissolved in the minimum amount of the 
eluent solution and added to the column. Its relatively low solubility in the eluent, 
however, necessitated the use of quite large amounts of solvent just to add the product to 
the top of the column.
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As a result of this fact, several mixed fractions were obtained, which may account for the 
fact that the yield is less than the 78% quoted in the literature. It should be possible to 
minimise this problem by pre-adsorbing the oil onto a small quantity of silica and adding 
this directly to the top of the column.
It might also be possible to improve the efficiency of the reaction by changing the catalyst. 
The original paper studied a number of phase transfer catalysts, although 
tributylhexadecylphosphonium bromide was not amongst them. Methyldialkyl ammonium 
bromides (where ‘alkyl’ signifies a long chain alkyl moiety, such as the octyl group) were 
quoted as being the most efficient catalysts, and it might prove possible to optimise the 
reaction by using a catalyst such as methyldioctylammonium bromide.
The results from the elemental analysis for carbon, hydrogen and nitrogen were consistent 
with those expected for the target structure, C24H20CI2N3O4P3. These results are shown in 
Table 3.8, which can be found in Chapter 3 of this thesis. These results strongly suggested 
that the synthesis had been successful. The discrepancies between the theoretical and 
measured values may well be due to the extreme viscosity of the oil, which created 
handling problems that made accurate measuring of the mass more difficult. Nevertheless, 
the results were still within accepted experimental error.
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2.3 .2 .2) S ca led -u p  synthesis o f  l,3 -d ich lo ro -l,3 ,5 ,5 -te tra p h en o x y cy c lo tr ip h o sp h a zen e
Cl Cl PhCX OPh
P P
""N 4PhOH, CH2C12
CL i II C l --------------------- ► Cl. I II Cl
P ^  .P  (C4H9)3(C1(iH3 3)P®Bre  IM
I N I / N \
Cl Cl PhO OPh
(19) (20)
Figure 2.49: Scaled-up tetraphenoxy substitution o f  hexachlorocyclotriphosphazene
The synthesis of the tetra-phenoxy derivative described in the previous section was a 
relatively simple reaction, producing average yields of ca. 65%. However, this was only 
on a 5 g scale. It was decided to attempt a scale-up of this synthesis, in order to produce a 
large quantity of material for future reactions.
Attempts to scale up the reaction to produce larger amounts of product for further reactions 
appeared to present few difficulties. Using 10 g of hexachlorocyclotriphosphazene 
produced a yield of 75% yield, higher than had previously been obtained. The product was 
obtained as a viscous white oil. The compound, C24H20CI2N3O4P3, was analysed for 
carbon, hydrogen and nitrogen content. The results are presented in Table 3.9. The 
figures obtained for carbon and hydrogen did not correspond exactly to those expected, but 
were still within the boundaries of reasonable experimental error. The figures for nitrogen 
corresponded very closely to that expected. The discrepancies may be a result of some 
residual solvent or other contaminants in the product. The viscosity of the product, and its 
liquid nature, may also account for the inaccurate values, since, as previously explained, 
this complicated the analysis.
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Attempts to perform the reaction on a 25 g scale were also successful, although the overall 
yield was lower, at ca. 51%. However, the quality of the final product was comparable 
with previous syntheses.
2.3.3) Functionalisation of the blocked phosphazene compound
Figure 2.50: Substitution o f  two chlorine atoms by two 4-methoxyphenoxy groups
Owing to the availability of 4-methoxyphenol from earlier siloxane work, it was decided to 
attempt functionalisation using this blocked phenol. The reaction was attempted using a 
procedure described in the literature40.
The blocked phosphazene compound, 4-methoxyphenol and potassium carbonate were 
dissolved in A,A-dimethylacetamide and heated to reflux. After twenty-four hours, the 
product was isolated by aqueous work-up. A highly viscous, colourless oil, very similar to 
the starting material was obtained. Since a mixture of products was apparent from TLC 
analysis, purification was attempted by flash chromatography using a 7:3 
dichloromethane/heptane mixture. This allowed the two principal components to be 
isolated successfully. The first of these was examined by *H, 13C and 3IP NMR 
spectroscopy, and by elemental analysis for carbon, hydrogen and nitrogen content. The 
spectra obtained are shown on the following pages.
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Figure 2.51: lH  NMR spectrum o f  l,3-bis(4-methoxyphenoxy)-l,3,5,5-tetraphenoxycyclotriphosphazene
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Figure 2.52: Proton noise-decoupled13C NMR spectrum o f  1,3-bis(4-methoxyphenoxy)-l,3,5,5-
tetraphenoxycyclotriphosphazene
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Figure 2.53: 31P  NMR spectrum o f  l,3-bis(4-methoxyphenoxy)-l,3,5,5-tetraphenoxycyclotriphosphazene
The lH NMR spectrum appeared to correspond well to the target structure. The singlet at
3-70 p.p.m. has been attributed to the methoxy protons. The aromatic signal, between 6-64 
and 7-16 p.p.m., was quite complex, as a result of the five non-equivalent proton 
environments in the target molecule. However, total integrals agreed well with the figures 
expected.
The 13C NMR contained the expected number of signals. The assignment of these signals 
is detailed in Table 3.11, based on literature data for substituted benzene rings41. 31P NMR 
spectroscopy contained a main singlet at 10-13 p.p.m., with several smaller peaks. This is 
in accord with the values quoted by Reghunadhan Nair et al. for similar phosphazene 
species42.
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The elemental analysis for carbon, hydrogen and nitrogen (Table 3.12) did not correspond 
exactly with the calculated values for the target compound’s molecular formula of 
C38H43N3O8P3 . Figures for hydrogen were very close, but those for carbon and nitrogen 
were approximately half a percent too high for each. As for the earlier phosphazene 
materials studied, this might be a result of the high viscosity of the target materials. The 
errors are similar to those reported in Nair’s paper42.
2.3.4) Cleavage of the methyl group
Figure 2.54: Cleavage o f  the two methoxy groups in 21
Having successfully produced the target methoxyphenoxy compound, 21, the next step 
was to remove the methyl protecting group to yield the free hydroxyl group. The methyl 
ether has already been discussed in this thesis. It is a very commonly used protecting 
group in organic chemistry. It was one of the protecting groups used during synthetic work 
on the potential siloxane monomer described earlier in this project (see Section 2.2). It is 
one of the more robust groups that can be used to protect a hydroxyl function. As a result, 
cleavage often requires rather harsh conditions, such as refluxing in concentrated hydriodic 
or hydrobromic acid.
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Ether cleavage has been discussed in previous sections of this report, and has been 
comprehensively reviewed2,25. Although hydrohalic acids are the reagents classically 
chosen, many more mild reagents have been used, such as boron tribromide, boron 
trifluoride etherate and trichloroiodosilane. Boron tribromide, in particular, is now a very 
commonly used reagent for the cleavage of aryl methyl ethers. However, owing to the 
availability of the starting materials, it was decided first to attempt a deprotection using 
boiling hydriodic acid. The results are described in the following section.
2.3.4.1) Attempted cleavage using hydriodic acid
Figure 2.55: M ethyl ether cleavage with hydriodic acid
Attempts were made to effect demethylation of this compound using boiling hydriodic 
acid. 1,3-5A(4-methoxyphenoxy)-1,3,5,5-tetraphenoxycyclotriphosphazene was placed in 
a round-bottomed flask, fitted with a reflux condenser and a drying tube filled with 
anhydrous calcium chloride and dissolved in a 5:1 mixture of hydriodic acid and acetic 
acid. This was refluxed for twenty-four hours. After cooling, the mixture was decolorised 
by boiling with activated carbon.
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The mixture was filtered and extracted into dichloromethane and then a IM aqueous 
solution of sodium hydroxide. After re-extraction into dichloromethane and evaporation, 
only a tiny amount of compound was obtained. However, the 31P NMR spectrum showed 
no phosphorus signal at all.
Either the compound was not successfully extracted during the work-up procedure, or the 
phosphazene structure is not sufficiently robust to withstand the rather rigorous conditions 
being used to effect demethylation. The latter seemed more likely, as the phenolic product 
should be readily extracted into aqueous base. This suggested that milder deprotection 
conditions would be necessary.
Another possibility would be the use of a group that can be cleaved under more mild 
conditions, such as the tetrahydropyranyl group. The synthesis of the 
monotetrahydropyranyl ether of hydroquinone has been described in the literature43,44. 
This group is somewhat thermally unstable, and may well be too mild a protecting group 
to withstand subsequent reaction. However, it would not necessarily be a problem if the 
THP group were cleaved during the synthesis, as this might well removed the need for a 
subsequent deprotection step. This is shown in Figure 2.56, below:
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It might also be possible to attempt a synthesis using the disodium salt of hydroquinone, as 
shown in Figure 2.57, below. This salt would be much simpler to obtain. Although the 
reaction would almost certainly lead to some cross-linking, the resultant monomer could 
still have useful properties. However, before either of these proposed alternatives was 
attempted, a deprotection of the methyl ether using boron tribromide, a milder reagent, was 
tried.
Figure 2.57: Proposed route to the target phenol, 22, from  disodium hydroquinolate, 24
2.3.4.2) Cleavage using boron tribromide
Figure 2.58: Cleavage o f  the dimethyl ether, 21, using boron tribromide
1,3-5A(4-methoxyphenoxy)-1,3,5,5-tetraphenoxycyclotriphosphazene was dissolved in 
dichloromethane in a pre-dried three-necked round-bottomed flask. Under a nitrogen 
atmosphere, a IM solution of boron tribromide in dichloromethane was carefully injected 
via a glass syringe.
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After reflux heating overnight, fresh solvent was added, which was washed with a 15% 
aqueous solution of sodium carbonate and brine. The final product was a viscous beige 
oil. The best yield obtained for this synthesis was 91-6%, but yields were always above 
85%. The [H NMR spectrum, Figure 2.59 on the following page, was compatible with the 
desired product, with some faint residual traces of solvent.
The aromatic signals were still quite complex. The patterns seemed similar to those for 
the starting phosphazene, so the reaction did not affect the aromatic group at all. The 
methoxy singlet at 3*70 p.p.m. was absent, but had been replaced by two broad singlets at 
4-85 and 4-95 p.p.m. A drop of deuterated water was added to the NMR tube and the 
sample was re-run (see Figure 2.60 on the following page). These two peaks largely 
disappeared, thereby showing that the protons were labile, as would be expected for 
phenolic protons. There were two main impurity peaks. One, at 1-39 p.p.m., also 
disappeared in D20 , suggesting that it was water in the NMR solvent. The other, a broad 
singlet at 1-15 p.p.m., can most likely be attributed to residual solvent traces.
Elemental analysis for carbon, hydrogen and nitrogen was also carried out. The results are 
shown in Table 3.14. Results were in close accord with expected values for the target 
formula C36H30N3O8P3 for hydrogen and nitrogen. The results corresponded slightly less 
well for carbon, but were still only less than 0-5% less than expected, probably for the 
reasons previously explained for the other phosphazene molecules.
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Figure 2.59: ‘H NM R spectrum o f  l,3-bis(4-hydroxyphenoxy)-l,3,5,5-tetraphenoxycyclotriphosphazene
(Before D 20  shaking)
PPM
Figure 2.60: ’H  NMR spectrum o f  1,3-bis(4-hydroxyphenoxy)-l, 3,5,5-tetraphenoxycyclotriphosphazene
(After D 20  shaking)
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The sample was also analysed by IR spectroscopy. There was evidence for the possible 
presence of a hydroxyl group, in the form of a broad absorbance at ca. 3500 cm"1, as can be
seen in Figure 2.61, below. There is also evidence for the presence of the phosphazene 
ring, as witnessed by the absorbance at 1172 cm"1, characteristic of cyclic P=N bonds, and 
the strong absorbance at 982 cm"1, which is in the correct region for a P(v)-0-Ar species45.
cm-l
Figure 2.61: FT-IR spectrum o f  l,3-b\s(4-hydroxyphenoxy)-l,3,5,5-tetraphenoxycyclotriphosphazene
The spectrum was also run as a solid sample using attenuated total reflectance (ATR) 
FT-IR spectroscopy in the hope of obtaining a more detailed spectrum. However, the 
spectrum was not noticeably different, apart from the absence of the sharp peak at 
3585 cm’1. The spectrum is shown on the following page in Figure 2.62.
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cm-1
Figure 2.62: ATR FT-IR spectrum o f  1,3-b\s(4-hydroxyphenoxy)-1,3,5,5-tetraphenoxycyclotriphosphazene
2.3.5) Phosphazene cyanation reactions
Figure 2.63: Final cyanation reaction
Cyanation was effected by reacting l,3-/?fr(4-hydroxyphenoxy)-l,3,5,5- 
tetraphenoxycyclotriphosphazene and a 1 2 % excess of cyanogen bromide in acetone in a 
three-necked flask. The reaction was cooled to -5 °C and a 12% excess of triethylamine 
was slowly added via a glass syringe. After complete reaction, the reagents were quenched 
by adding them to an ice/water bath.
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The resultant green oil was separated and extracted with dichloromethane. After aqueous 
work-up, the desired product was obtained as a semi-crystalline colourless wax in 82-2% 
yield.
The product was analysed by *11, 13C and 31P NMR spectroscopy, as well as by elemental 
determination of carbon, hydrogen and nitrogen. The proton spectrum was consistent with 
the target structure. The main signals occurred in the aromatic region between 6 -86  and 
7-28 p.p.m. The hydroxyl signals were no longer visible, indicating that no starting 
material was present. There were a number of other signals resulting from impurities, 
although the relative integrals for these were all low. Examples include residual 
triethylamine at 1-03 and 2*62 p.p.m., and dichloromethane at 5-28 p.p.m. The *H NMR 
spectrum is shown below; the 13C and 31P NMR spectra are on the following page.
PPM
Figure 2.64: 'HNM R spectrum o f  l,3-bis(4-cyanatoxyphenoxy)-l,3,5,5-tetraphenoxycyclotriphosphazene
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Figure 2.65: Proton noise-decoupled n CNM R spectrum o f  1,3-bis(4-cyanatoxyphenoxy)-l,3,5,5-
tetraphenoxycyclotriphosphazene
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Figure 2.66: 31P  NMR spectrum o f  1,3-\m (4-cyanatoxyphenoxy)-l,3,5,5-tetraphenoxycyclotriphosphazene
- 108-
M.A. Pullinger Synthesis and Characterisation of Novel Polymeric Materials for High Temperature Composite Applications
The 13C NMR spectrum, whilst not particularly clean, does provide clear evidence for the 
presence of the cyanate ester function. The signals at around 151 p.p.m. are typical of 
-0-C=N groups46, strongly indicating that the synthesis has been successful. The absence 
of a signal at 167.7 p.p.m. shows that no ring closure to form a 1,3,5-triazine has taken 
place47. The 31P NMR spectrum has just a very narrow multiplet centred at 9*43 p.p.m. 
This would be expected from similar synthesised molecules reported by Nair et al.42, and 
from the precursors to this final target molecule.
Carbon, hydrogen and nitrogen composition was determined by elemental analysis. The 
results are shown in Table 3.16. Although the figures did not exactly correspond to those 
expected for the target formula, C38H28N5O8P3, probably due to the impurities contained 
within, the data did strongly suggest that the target molecule had been successfully 
synthesised.
The molecule was also studied by FT-IR and Raman spectroscopy. Results from both 
techniques were consistent with those expected. There was a very broad absorbance at 
3508 cm"1 in the IR spectrum, but this was most likely a result of some moisture in the 
KBr used to make the disc. The cyanate ester was clearly visible from the distinctive 
‘doublet’ absorbance at 2270 cm'1. As for the previous material, the phosphazene ring 
could be identified by the cyclic P=N absorbance at 1172 cm' 1 and strong P(v)-0-Ar 
absorbance at 982 cm'1. This spectrum is shown in Figure 2.67, on the following page.
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Figure 2.67: FT-IR spectrum o f  l,3-bis(4-cyanatoxyphenoxy)-l,3,5,5-tetraphenoxycyclotriphosphazene
Raman Shift / cm-1
Figure 2.68: Raman spectrum o f  1,3-b\s(4-cyanatoxyphenoxy)-l,3,5,5-tetraphenoxycyclotriphosphazene
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The Raman spectrum, shown in Figure 2.68 on the preceding page, was similar to the FT- 
IR spectrum. The -0-C=N absorbance was clearly visible at 2270 cm'1. The cyclic P=N 
bands were also visible in the Raman, but the P(v)-0-Ar band at 982 cm' 1 was barely 
visible. This is consistent with the target structure: this band is strong in IR, but medium 
to weak in the Raman spectrum.
In summary, all of the analytical techniques used strongly indicate successful synthesis of 
the target phosphazene-containing cyanate ester.
This product was studied using thermal analysis techniques. These are discussed in 
Chapter 4.
2.3.6) Summary of phosphazene work
In summary, the work on the synthesis of the target phosphazene molecule, l,3-bis(4- 
cyanatophenoxy)-l,3,5,5-tetraphenoxycyclotriphosphazene was a success. It was possible 
to synthesise the target compound using a four-step procedure, commencing from the 
commercially available hexachlorocyclotriphosphazene, with an overall yield of 34-9%.
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The first step, which involved the replacement of four of the chloro-substituents in 
hexachlorocyclotriphosphazene was carried out according to a literature procedure. The 
results obtained from the work described in this thesis were similar to those in the original 
paper: the maximum yield obtained was 74-8%. The reaction was quick and simple to 
perform, but did necessitate a laborious and slow flash chromatography separation, which 
might create problems should the reaction need to be scaled up industrially. Nevertheless, 
the analytical data suggested that the purity of the final product was good.
The second step, substitution of the remaining two chloro-substituents with methyl ether- 
protected hydroxyphenoxy groups was also a trivial procedure, involving an overnight 
reflux. The product also required separation by flash chromatography, but overall yields 
were reasonable, in the order of 60%. Analytical data again suggested a veiy pure 
compound.
Hydriodic acid proved too forceful a reagent to cleave the methyl ethers, but it was 
possible to remove the protecting groups using a IM solution of boron tribromide in 
dichloromethane. This reaction also involved an overnight reflux, but purification of the 
product was effected simply through extraction into aqueous base and subsequent re­
extraction into dichloromethane. It was possible to obtain the product in reasonable purity 
in yields in excess of 90% with no further purification steps.
M.A. Pullinger Synthesis and Characterisation of Novel Polymeric Materials for High Temperature Composite Applications
The final step followed standard techniques to effect cyanation. No particular problems 
were encountered and it was possible to obtain the desired target compound with yields 
greater than 82% with no especial purification techniques. The analytical techniques used 
(!H, ,3C and 3IP NMR spectroscopy, FT-IR and Raman spectroscopy and C,H,N elemental 
analysis) all strongly supported the successful synthesis of the target molecule.
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C h a p t e r  3
P r e p a r a t i v e  W o r k
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3.1) Introduction
3.1.1) Background
This chapter details the experimental work carried out to obtain the results described in the 
remainder of this thesis. The chapter is divided into two main sections. The first, Section
3.2, deals with the work carried out to synthesise the proposed siloxane monomer, 1,3-bis- 
(4-cyanatophenyl)-l,l,3,3-tetramethyldisiloxane. The second, Section 3.3, describes the 
experimental work necessary to synthesise the phosphazene monomer, \,3-bis(4- 
cyanatophenoxy)-1,3,5,5-tetraphenoxycyclotriphosphazene.
3.1.2) General Information
Unless otherwise stated, all glassware was dried in an oven at 110 °C and allowed to cool 
in a desiccator prior to use. All reactions were stirred magnetically.
For those reactions carried out under an inert atmosphere, this was obtained by passing 
nitrogen through sulphuric acid, calcium chloride and self-indicating silica gel to remove 
residual moisture.
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All reagents were purchased from standard suppliers. For those reactions performed under 
anhydrous conditions, tetrahydrofuan (THF) was distilled under nitrogen in the presence of 
benzophenone and sodium prior to use. Diethyl ether was dried over sodium wire before 
use.
For reduced temperature reactions, the following cooling baths were used. Reaction 
mixtures of -78 °C were obtained by cooling the reaction vessel in a slurry of dry ice and 
acetone. Temperature ranges of -20 °C to -10 °C were obtained by using methanol/ice 
slush. Temperatures of ca. 0 °C were obtained by using a salted ice/water bath.
Thin layer chromatography (TLC) was used to analyse many of the compounds 
synthesised. The eluent used is shown for each compound. Unless otherwise stated, the 
plates were studied using ultra-violet (UV) light at 254 nm.
Unless otherwise stated, all *H Nuclear Magnetic Resonance (NMR) spectra were run on a 
Broker AC-330 spectrometer at 298 K and 300-13 MHz, using tetramethylsilane (TMS) as 
an internal standard. Other !H NMR spectra were run on a JEOL GSX-270 NMR 
spectrometer at 270 MHz, also with TMS as an internal standard. All samples were run as 
solutions in deuterated chloroform, unless stated to the contrary. l3C and 31P NMR spectra 
were run the Broker AC-330 NMR spectrometer by Mr. J.P. Bloxsidge, University of 
Surrey.
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Infra-red (IR) spectra were recorded on a Perkin-Elmer System 2000 FT-IR 
spectrophotometer. Samples were prepared as potassium bromide discs, unless otherwise 
stated. Attenuated total reflectance (ATR) IR spectra were run on the same instrument. 
For both types of IR spectra, the data were collected by 16 scans at a resolution of 4 cm-1.
Elemental determination of carbon, hydrogen and nitrogen was performed by Mrs. N.J. 
Walker, University of Surrey, using an Exeter Analytical EA-440 elemental analyser.
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3.2) Siloxane Chemistry
This section describes all the work towards the synthesis of the target siloxane-containing 
cyanate ester, 1,3-6A(4-cyanatophenyl)~ 1,1,3,3-tetramethyldisiloxane.
3.2.1) Ether Syntheses
All of the attempted syntheses of ethers are described in this section.
3.2.1.1) Synthesis of l,3-6A(4-methoxyphenyl)-l,l,3,3-tetramethyldisiloxane
Magnesium (1*28 g, 52-6 mmol), dichlorodimethylsilane (4 g, 3*8 cm3, 31-0 mmol) and 
THF (10 cm3) were added to a three-necked flask fitted with a reflux condenser, a septum 
and a nitrogen inlet, and heated to reflux at 80 °C. To the resultant suspension, 
4-bromomethoxybenzene (10 g, 6-7 cm3, 53-5 mmol) was slowly added, which caused a 
violent effervescence. Dichlorodimethylsilane (9-8 g, 9-3 cm3, 75-9 mmol), THF (10 cm3) 
and diethyl ether ( 2 0  cm3) were added, and the reaction mixture maintained at reflux for 
sixteen hours. The thick green solution was stirred at room temperature for a further forty- 
eight hours, and then neutralised with a 15% solution of sodium carbonate in water (50 
cm ). A dense white precipitate was formed, which was removed by gravity filtration. 
The organic phase was separated, and the solvents evaporated. A pale green oil was 
obtained.
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!H NMR showed that this oil did contain the desired product, but with several impurities. 
It was decided to attempt to purify after the next step.
Product: 5'67g; Crude yield: 61-2%; Green oil 
Analysis: ‘H  NMR -  Results below
Peak Shift (p.p.m.) Nature Integral Assignment
0-08, 0-29 Multiplet 6 Si-(CH3)
1 - 2 1 Triplet N/A Et20
3-80 Singlet 3 - o c h 3
6-93, 7-30 7-49 Complex
multiplet
4 Phenyl protons
7-28 Singlet N/A Undeuterated CDC13
Table 3.1: lH  NMR data fo r  1,3-bis(4-methoxyphenyl)-l ,1,3,3-tetramethyldisiloxane
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3 .2 .X .2 )  S y n t h e s i s  o f  l , 3 - 6 /s(4 - m e t h o x y p h e n y l ) - l , l , 3 ,3 - t e t r a m e t h y l d i s i l o x a n e
M a g n e s iu m  ( 2* 5 6  g ,  1 0 5 -2  m m o l) ,  d ic h lo r o d im e t h y ls i l a n e  (8  g ,  7 -5  c m 3, 6 2  m m o l)  a n d  
T H F  ( 2 0  c m 3)  w e r e  a d d e d  to  a  t h r e e - n e c k e d  f l a s k  f i t t e d  w i t h  a  r e f lu x  c o n d e n s e r ,  a  s e p tu m  
a n d  a  n i t r o g e n  in le t ,  a n d  h e a t e d  to  r e f lu x  a t  8 0  ° C . 4 -B r o m o m e th o x y b e n z e n e , ( 2 0  g ,  
1 3 -4  c m 3, 1 0 7  m m o l)  w a s  in je c t e d  s lo w ly  in to  th e  s u s p e n s io n  v ia  a  g l a s s  s y r in g e ,  w h ic h  
p r o v o k e d  a  v ig o r o u s  e f f e r v e s c e n c e .  D ic h lo r o d im e t h y ls i l a n e  ( 1 9 -6  g ,  1 8 -5  c m 3, 1 5 2  m m o l)  
a n d  T H F  ( 2 0  c m 3)  w e r e  a d d e d , a n d  th e  r e a c t io n  m a in t a in e d  a t  r e f lu x  fo r  s ix t e e n  h o u rs . 
T h e  t h ic k  g r e e n  s o lu t io n  w a s  a l lo w e d  to  s t ir  f o r  a  f u r th e r  f o r t y - e ig h t  h o u r s ,  a n d  w a s  
n e u t r a l i s e d  w i t h  a  1 5 %  a q u e o u s  s o lu t io n  o f  s o d iu m  c a r b o n a te  ( 1 0 0  c m 3) .  A  d e n s e  w h i t e  
p r e c ip i t a t e  w a s  fo r m e d , w h ic h  w a s  r e m o v e d  b y  v a c u u m  f i l t r a t io n .
T h e  o r g a n ic  p h a s e  w a s  s e p a r a t e d , a n d  d ic h lo r o m e t h a n e  (D C M )  e x t r a c t s  ( 2  x  5 0  c m 3)  w e r e  
t a k e n  f r o m  th e  a q u e o u s  l a y e r .  T h e  o r g a n ic  l a y e r s  w e r e  d r ie d  o v e r  m a g n e s iu m  s u lp h a te ,  
a n d  th e  s o lv e n t s  r e m o v e d  b y  r o t a r y  e v a p o r a t io n . A  d e e p  g r e e n  o i l  w a s  o b t a in e d .
Product: 12%76g; Yield: 6 8 - 8  %; Green oil 
Analysis: 'H NMR -  Similar to previous synthesis (Table 3.1)
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3 .2 . 1 .3 )  S y n t h e s i s  o f  4 - b r o m o ( l , l - d i m e t h y l e t h o x y ) b e n z e n e
S y n th e s is  1
2 -B r o m o - 2 - m e th y lp r o p a n e  ( 0*79  g ,  0 -9 3  c m 3, 5*8 m m o l) ,  4 -b r o m o p h e n o l ( 1 0  g ,  5 8  m m o l)  
a n d  p y r id in e  ( 0 -4 5 g , 0 -4 6  c m 3, 5 -8 m m o l)  w e r e  a d d e d  to  a  2 5  c m 3 t h r e e - n e c k e d  f l a s k  f i t t e d  
w i t h  a  r e f lu x  c o n d e n s e r ,  a  d r y in g  tu b e  f i l l e d  w i t h  c a lc iu m  c h lo r id e ,  a n d  a  n i t r o g e n  in le t .  
T h e  s o lu t io n  w a s  h e a t e d  to  3 0  ° C  a n d  s t ir r e d  m a g n e t i c a l l y  f o r  th r e e  h o u r s ,  b e fo r e  b e in g  
p o u r e d  in to  a n  8 :1  m ix t u r e  o f  w a t e r  a n d  e th a n e -  1 ,2 - d io l  ( 5 0  c m 3) .  E x t r a c t io n  w a s  
a t t e m p te d  w i t h  h e x a n e ,  b u t  a  c o m p le x  t h r e e - l a y e r  m ix t u r e  w a s  o b t a in e d . T h e  e x p e r im e n t  
w a s  a b a n d o n e d , d u e  to  th e  d i f f i c u l t i e s  o f  s e p a r a t io n .
S y n th e s is  2
4 - B r o m o p h e n o l ( 5 g ,  2 9  m m o l) ,  2 - c h lo r o - 2 - m e th y lp r o p a n e  ( 5 . 1 4 g , 6 T  c m 3, 3 5  m m o l)  a n d  
p y r id in e  ( 2 -7 g ,  2 -8  c m 3, 3 5  m m o l)  w e r e  a d d e d  to  a  t h r e e - n e c k e d  f l a s k  f i t t e d  w i t h  a  r e f lu x  
c o n d e n s e r ,  a  d r y in g  tu b e  f i l l e d  w i t h  c a l c iu m  c h lo r id e ,  a n d  a  n i t r o g e n  in le t .  T h e  s o lu t io n  
w a s  h e a t e d  to  3 0  ° C  a n d  s t ir r e d  m a g n e t i c a l l y  fo r  th r e e  h o u rs . T h e  s o lu t io n  w a s  p o u r e d  in to  
d ic h lo r o m e t h a n e  ( 5 0  c m 3) ,  a n d  w a s h e d  w i t h  a  I M  a q u e o u s  s o lu t io n  o f  s o d iu m  h y d r o x id e  
(2  x  5 0  c m 3) ,  I M  h y d r o c h lo r ic  a c id  (2  x  5 0  c m 3)  a n d  s a t u r a t e d  b r in e  (2  x  5 0  c m 3) .  T h e  
o r g a n ic  s o lu t io n  w a s  d r ie d  o v e r  m a g n e s iu m  s u lp h a t e  a n d  f i l t e r e d .
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T h e  s o lv e n t  w a s  r e m o v e d  b y  r o t a r y  e v a p o r a t io n . N M R  s p e c t r o s c o p y  c o n f ir m e d  th e
p r e s e n c e  o f  th e  d e s i r e d  s t r u c tu r e .
Product: 0-12 g; Crude yield: 1-8%; Orange crystalline solid 
Analysis: ’H NMR -  Compatible, with solvent peaks
S y n th e s is  3
4 -B r o m o p h e n o l  ( 2 5 g ,  1 4 5  m m o l) ,  2 - c h lo r o - 2 -m e th y lp r o p a n e  ( 25 * 7  g ,  3 0 -5  c m 3, 1 7 5  m m o l)  
a n d  p y r id in e  ( 1 3 -5  g ,  1 4  c m 3, 1 7 5  m m o l)  w e r e  a d d e d  to  a  t h r e e - n e c k e d  f l a s k  f i t t e d  w i t h  a  
r e f lu x  c o n d e n s e r ,  a  d r y in g  tu b e  f i l l e d  w i t h  c a lc iu m  c h lo r id e  a n d  a  n i t r o g e n  in le t .  T h e  
s o lu t io n  w a s  h e a t e d  to  3 0  ° C  a n d  s t ir r e d  m a g n e t i c a l l y  fo r  th r e e  h o u r s .  T h e  s o lu t io n  w a s  
p o u r e d  in to  d ic h lo r o m e th a n e  ( 2 0 0  c m 3) ,  a n d  w a s h e d  w i t h  I M  a q u e o u s  s o d iu m  h y d r o x id e  
( 2  x  1 0 0  c m 3) ,  I M  h y d r o c h lo r ic  a c id  ( 2  x  1 0 0  c m 3)  a n d  s a t u r a t e d  b r in e  ( 2  x  1 0 0  c m 3) .  T h e  
o r g a n ic  s o lu t io n  w a s  d r ie d  o v e r  m a g n e s iu m  s u lp h a t e  a n d  f i l t e r e d .  T h e  s o lv e n t  w a s  
r e m o v e d  b y  e v a p o r a t io n  u n d e r  r e d u c e d  p r e s s u r e .  N M R  s p e c t r o s c o p y  c o n f ir m e d  th e
p r e s e n c e  o f  th e  t a r g e t  c o m p o u n d .
Product: 0-40 g; Crude yield: 1'2%; Orange solid 
Analysis: JH NMR -Results similar to previous synthesis
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S y n th e s is  4
4 -B r o m o p h e n o l (2 5  g ,  1 4 5  m m o l) ,  2 -b r o m o - 2 -m e th y lp r o p a n e  ( 3 9 -6  g ,  3 2 -8  c m 3, 
2 8 9  m m o l)  a n d  p y r id in e  ( 22 * 9  g ,  2 3 - 4  c m 3, 2 8 9  m m o l)  w e r e  a d d e d  to  a  t h r e e - n e c k e d  f l a s k  
f i t t e d  w i t h  a  r e f lu x  c o n d e n s e r ,  a  d r y in g  tu b e  f i l l e d  w i t h  c a lc iu m  c h lo r id e  a n d  a  n i t r o g e n  
in le t .  T h e  s o lu t io n  w a s  h e a t e d  to  3 0  ° C  a n d  s t ir r e d  m a g n e t i c a l l y  f o r  th r e e  h o u r s .
T h e  s o lu t io n  w a s  p o u r e d  in to  d ic h lo r o m e t h a n e  ( 2 0 0  c m 3) ,  a n d  w a s h e d  w i t h  I M  s o d iu m  
h y d r o x id e  (2  x 1 0 0  c m 3) ,  I M  h y d r o c h lo r ic  a c id  (2  x 1 0 0  c m 3)  a n d  s a t u r a t e d  b r in e  
( 2  x  1 0 0  c m 3) .  T h e  o r g a n ic  s o lu t io n  w a s  d r ie d  o v e r  m a g n e s iu m  s u lp h a t e  a n d  f i l t e r e d .  T h e  
s o lv e n t  w a s  r e m o v e d  b y  e v a p o r a t io n  u n d e r  r e d u c e d  p r e s s u r e .
T h e  o i l  c o u ld  b e  s o l id i f i e d  a f t e r  s e v e r a l  h o u r s  in  a  f r e e z e r .  T h e  s c e n t  o f  th e  c o m p o u n d  
in d ic a t e d  th e  p r e s e n c e  o f  r e s id u a l  p y r id in e ,  b u t  *H N M R  s p e c t r o s c o p y  in d ic a t e d  th e  
p r e s e n c e  o f  th e  t a r g e t  c o m p o u n d .
Product: 1-94 g; Crude yield: 5-9 %; Orange crystals in oil 
Analysis: ‘H NMR -  Results similar to previous synthesis
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3 .2 . 1 .4 )  P u r i f i c a t i o n  o f  4 - b r o m o ( l , l - d i m e t h y l e t h o x y ) b e n z e n e
S e v e r a l  b a tc h e s  o f  4 - b r o m o ( l , l - d im e t h y l e t h o x y ) b e n z e n e  ( 2 -5 7 6 g ,  11  m m o l)  w e r e  
d i s s o lv e d  in  d ic h lo r o m e th a n e  ( 5 0  c m 3) .  T h is  s o lu t io n  w a s  w a s h e d  w i t h  a  I M  a q u e o u s  
s o lu t io n  o f  s o d iu m  h y d r o x id e  (3  x  5 0  c m 3) ,  I M  h y d r o c h lo r ic  a c id  (3  x  5 0  c m 3)  a n d  
s a t u r a t e d  b r in e  (3  x  5 0  c m  ) .  T h e  s o lu t io n  w a s  th e n  d r ie d  o v e r  s o d iu m  s u lp h a t e  o v e r n ig h t . 
T h e  d e s ic c a n t  w a s  r e m o v e d  b y  g r a v i t y  f i l t r a t io n  a n d  t h e  s o lv e n t s  e v a p o r a t e d  u n d e r  r e d u c e d  
p r e s s u r e .  1H  N M R  s p e c t r o s c o p y  s h o w e d  n o  t r a c e  o f  im p u r i t ie s  in  th e  c o m p o u n d
Product: 2-17 g; Recovery yield: 84-0%; Overall yield: 2-3%; Pale orange solid 
Analysis: 'H NMR -  Results shown below
P e a k  S h i f t  
( p .p .m . )
N a t u r e I n t e g r a l C o u p l in g  
C o n s t a n t  (H z )
A s s i g n m e n t
1 -3 2 S in g l e t 9 N /A - C ( C H 3)3
1 -5 5 S in g le t N /A N /A H D O
6 -8 5 , 6*90 D o u b le t  o f  
d o u b le t s
2 1 5 0 1 A r o m a t ic
p ro to n s
7 -2 8 S in g le t N /A N /A U n d e u te r a t e d
C D C 13
7 -3 2 , 7 -3 7 D o u b le t  o f  
d o u b le t s
2 1 5 -01 A r o m a t ic
p ro to n s
Table 3.2: lH NMR data for purified 4-bromo(l ,1 -dimethylethoxy)benzene
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3 .2 . 1 . 5 )  S y n t h e s i s  o f  4 - b r o m o ( p h e n y lm e t h o x y ) b e n z e n e
S y n th e s is  1
4 - B r o m o p h e n o l (5  g ,  2 8 -9  m m o l)  a n d  p o t a s s iu m  c a r b o n a te  (1  g )  w e r e  a d d e d  to  a  2 :1  
m ix t u r e  o f  c h lo r o fo r m  a n d  m e th a n o l  ( 3 0  c m 3)  in  a  1 0 0  c m 3 t h r e e - n e c k e d  f l a s k  f i t t e d  w i t h  a  
s e p tu m , a  r e f lu x  c o n d e n s e r  a n d  a  n i t r o g e n  in le t .  T h is  m ix t u r e  w a s  s t ir r e d  v ig o r o u s l y  a n d  
h e a t e d  to  r e f lu x  a t  8 5  ° C . A f t e r  f i f t e e n  m in u t e s ,  b e n z y l  b r o m id e  ( 5 *4 4 g ,  3 -8  c m 3, 
3 1 -8  m m o l)  w a s  s lo w ly  in je c t e d  v ia  a  g l a s s  s y r in g e .  T h e  m ix t u r e  w a s  m a in t a in e d  a t  r e f lu x  
fo r  a  f u r th e r  e ig h t  h o u r s . T h e  m ix t u r e  w a s  w a s h e d  w i t h  a  I M  a q u e o u s  s o lu t io n  o f  s o d iu m  
h y d r o x id e  (2  x  5 0  c m 3)  a n d  s a t u r a t e d  b r in e  (2  x  5 0  c m 3) .  T h e  o r g a n ic  l a y e r  w a s  d r ie d  o v e r  
m a g n e s iu m  s u lp h a te ,  a n d  th e  s o lv e n t s  r e m o v e d  b y  r o t a r y  e v a p o r a t io n  to  y i e ld  a  r e d  s o l id .  
*H N M R  s p e c t r o s c o p y  in d ic a t e d  th e  p r e s e n c e  o f  th e  t a r g e t  c o m p o u n d , w i t h  th e  p r e s e n c e  o f  
s e v e r a l  im p u r i t i e s ,  o f  w h ic h  th e  m o s t  s i g n i f i c a n t  c o r r e s p o n d e d  to  b e n z y l  b r o m id e .
Product: 6-39 g; Crude yield: 84-4%; Red solid
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S y n th e s is  2
4 - B r o m o p h e n o l ( 5 g ,  2 8 * 9  m m o l)  a n d  p o t a s s iu m  c a r b o n a te  ( 3 -9 9  g ,  2 8 -9  m m o l)  w e r e  
d i s s o lv e d  in  a c e to n e  ( 5 0  c m 3)  in  a  1 0 0  c m 3 th r e e - n e c k e d  f l a s k  f i t t e d  w i t h  a  s e p tu m , a  
r e f lu x  c o n d e n s e r  a n d  a  n i t r o g e n  in le t .  T h is  m ix t u r e ,  u n d e r  v ig o r o u s  s t i r r in g ,  w a s  h e a te d  to  
r e f lu x  a t  8 0  ° C . A f t e r  f i f t e e n  m in u t e s ,  b e n z y l  b r o m id e  ( 5 -6 8 g , 3 -9  c m 3, 33 * 2  m m o l)  w a s  
s lo w ly  in je c t e d  v ia  a  g l a s s  s y r in g e .  T h e  m ix t u r e  w a s  m a in t a in e d  a t  r e f lu x  fo r  a  fu r th e r  
e ig h t  h o u r s . T h e  m ix t u r e  w a s  w a s h e d  w i t h  I M  a q u e o u s  s o d iu m  h y d r o x id e  (2  x  5 0  c m 3) 
a n d  s a t u r a t e d  b r in e  ( 2  x  5 0  c m 3) .  T h e  o r g a n ic  l a y e r  w a s  d r ie d  o v e r  m a g n e s iu m  s u lp h a te ,  
a n d  th e  s o lv e n t s  r e m o v e d  b y  r o t a r y  e v a p o r a t io n . lU  N M R  s p e c t r o s c o p y  in d ic a t e d  th e  
p r e s e n c e  o f  th e  d e s i r e d  s t r u c tu r e .
Product: 7-55 g; Crude yield: 99-7%; Slightly beige solid 
Analysis: !H NMR -  Results shown in table on following page
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P e a k  S h i f t  ( p .p .m . ) N a t u r e I n t e g r a l A s s i g n m e n t
1*26 S in g le t N /A C o n t a m in a n t  in  
4 -b r o m o p h e n o l
1 -5 5 S in g le t N /A H D O
4*51 S in g l e t N /A B n B r f
5*04 S in g l e t 2 -G tfz -P h
5*30 S in g le t N /A R e s id u a l  D C M
6 -8 8 - 7 -3 9 C o m p le x  m u l t ip le t 11 A r o m a t ic  p ro to n s
7 -2 8 S in g le t N /A U n d e u t e r a t e d  C D C I3
Table 3.3: NMR data for 4-bromo(phenylmethoxy)benzene
S y n th e s is  3
4 -B r o m o p h e n o l  ( 1 5 g ,  8 6 -7  m m o l)  a n d  p o t a s s iu m  c a r b o n a te  ( 11*97  g ,  86*7  m m o l)  w e r e  
d i s s o lv e d  in  a c e to n e  ( 1 5 0  c m 3)  in  a  2 5 0  c m 3 t h r e e - n e c k e d  f l a s k  f i t t e d  w i t h  a  s e p tu m , a  
r e f lu x  c o n d e n s e r  a n d  a  n i t r o g e n  in le t .  T h is  m ix t u r e ,  u n d e r  v ig o r o u s  s t i r r in g ,  w a s  h e a te d  to  
r e f lu x  a t  8 0  ° C .
+ Benzyl bromide
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A f t e r  f i f t e e n  m in u t e s ,  b e n z y l  b r o m id e  ( 1 7 -0 4 g ,  1 1*82  c m 3, 9 9 -6  m m o l)  w a s  s lo w ly  in je c t e d  
v ia  a  g l a s s  s y r in g e .  T h e  m ix t u r e  w a s  m a in t a in e d  a t  r e f lu x  fo r  a  f u r th e r  e ig h t  h o u r s . T h e  
m ix t u r e  w a s  w a s h e d  w i t h  I M  a q u e o u s  s o d iu m  h y d r o x id e  (2  x  1 5 0  c m 3)  a n d  s a tu r a t e d  
b r in e  (2  x  1 5 0  c m 3) .  T h e  o r g a n ic  l a y e r  w a s  d r ie d  o v e r  m a g n e s iu m  s u lp h a te ,  a n d  th e  
s o lv e n t s  r e m o v e d  b y  r o t a r y  e v a p o r a t io n . l H  N M R  s p e c t r o s c o p y  s h o w e d  th e  p r e s e n c e  o f  th e  
t a r g e t  c o m p o u n d .
Product: 22-42 g; Crude yield: 98-7%; Slightly beige solid 
Analysis: 1HNMR -  Results similar to previous experiment (cf. Table 3.3)
3 .2 . 1 .6 )  P u r i f i c a t i o n  o f  4 - b r o m o ( p h e n y lm e t h o x y ) b e n z e n e
4 - B r o m o (p h e n y lm e th o x y )b e n z e n e  ( 2 2 * 4 2  g )  w a s  a d d e d  to  a  p r e - c o o le d  s in te r e d  g la s s  
f u n n e l  f i t t e d  to  a  B u c h n e r  f u n n e l .  A  v a c u u m  w a s  a p p l ie d  v ia  a  w a t e r  p u m p . T h e  l a r g e  
c r y s t a l s  w e r e  c r u s h e d  w i t h  a  g l a s s  r o d , a n d  th e  s o l id  w a s h e d  w i t h  m e th a n o l  a t  -  2 0  ° C  u n t i l  
a  w h i t e  p o w d e r y  s o l id  w a s  o b t a in e d . T h is  w a s  a l lo w e d  to  d r y  u n d e r  v a c u u m  fo r  a n  h o u r .
Product: 16-98g; Purification yield: 75-7%; Overall yield: 74-7%; White powder 
Analysis : ‘H NMR -  Results shown in table below:
P e a k  S h i f t  ( p .p .m . ) N a t u r e I n t e g r a l A s s i g n m e n t
5*04 S in g le t 2 -G £72-P h
6 *8 8 , 7*39 C o m p le x  m u l t ip le t 11 A r o m a t ic  p ro to n s
Table 3.4:1HNMR data for 4-bromo(phenylmethoxy)benzene
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3 . 2 . 1 . 7 )  S y n t h e s i s  o f  l , 3 - 6 w ( 4 - ( l , l - d i m e t h y l e t h o x y ) p h e n y l ) - l , 1 , 3 , 3 -  
t e t r a m e t h y ld i s i l o x a n e
M a g n e s iu m  ( 0 -2 3  g ,  8 -8  m m o l) ,  d ic h lo r o d im e t h y ls i l a n e  ( 0 -6 7 g ,  0 -6  c m 3, 5 -2  m m o l)  a n d  
t e t r a h y d r o f u r a n  ( 2  c m 3)  w e r e  a d d e d  to  a  2 5  c m 3 th r e e - n e c k e d  f l a s k  f i t t e d  w i t h  a  s e p tu m , a  
r e f lu x  c o n d e n s e r  a n d  a  n i t r o g e n  in le t ,  a n d  h e a te d  to  r e f lu x  a t  8 0  ° C . 4 - B r o m o ( l , l -  
d im e th y le th o x y ) b e n z e n e  ( 2 -1 6 5  g ,  9 -5  m m o l)  w a s  s lo w ly  a d d e d  th r o u g h  th e  to p  o f  th e  
c o n d e n s e r ,  w h ic h  p r o v o k e d  a  v ig o r o u s  e f f e r v e s c e n c e .  D ic h lo r o d im e t h y ls i l a n e  ( l - 6 3 g , 
1 -5 4  c m  , 1 2 -7  m m o l)  a n d  T H F  ( 4  c m  )  w e r e  a d d e d , a n d  th e  r e a c t io n  w a s  m a in t a in e d  a t  
r e f lu x  fo r  s ix t e e n  h o u r s . T h e  g r e e n  s o lu t io n  w a s  s t ir r e d  fo r  a  f u r th e r  f o r t y - e ig h t  h o u r s , 
b e fo r e  b e in g  n e u t r a l i s e d  w i t h  a  1 5 %  a q u e o u s  s o lu t io n  o f  s o d iu m  c a r b o n a te  ( 1 0  c m 3) .  A  
d e n s e  w h i t e  p r e c ip i t a t e  w a s  fo r m e d , w h ic h  w a s  r e m o v e d  b y  v a c u u m  f i l t r a t io n .
T h e  o r g a n ic  p h a s e  w a s  s e p a r a t e d .  T h e  a q u e o u s  l a y e r  w a s  e x t r a c t e d  w i t h  d ic h lo r o m e th a n e  
( 2 x 15  c m 3) .  T h e  o r g a n ic  l a y e r s  w e r e  c o m b in e d  a n d  d r ie d  o v e r  m a g n e s iu m  s u lp h a te .  T h e  
s o lv e n t s  w e r e  r e m o v e d  b y  r o t a r y  e v a p o r a t io n .
Product: 2-43g; Crude yield: 59-5%; Dark red oil 
Analysis: ‘H NMR -  Compatible, with residual solvent traces, see table on following page:
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P e a k  S h i f t  ( p .p .m . ) N a t u r e I n t e g r a l A s s i g n m e n t
0 -0 5 - 0 -1 5 C o m p le x  m u l t ip le t 6 S i-C / A
1 -23 S in g le t N /A E t20
1 -5 8 S in g le t N /A H D O
1 -6 3 - 2 -0 0 C o m p le x  m u l t ip le t N /A S o lv e n t  im p u r i t ie s
3 -4 4 - 3 -7 8 C o m p le x  m u l t ip le t N /A D ie th y l  e th e r  a n d  
T H F
5 -0 4 S in g l e t 2 -C //2-P h
6 -8 4 - 7 -5 0 C o m p le x  m u l t ip le t 11 A r o m a t ic  p ro to n s
Table 3.5: ‘H NMR data for 1,3-b\s(4-(l ,l-dimethylethoxy)phenyl)-l ,1,3,3-tetramethyldisiloxane
3 .2 . 1 .8 )  S y n t h e s i s  o f  l , 3 - 6 /s(4 - ( p h e n y lm e t h o x y ) p h e n y l ) ~ l , l , 3 ,3 - t e t r a m e t h y l d i s i l o x a n e
M a g n e s iu m  ( 2 -7 0  g ,  1 1 1 -1  m m o l) ,  d ic h lo r o d im e t h y ls i l a n e  ( 8 -6 3  g ,  8 -1 2  c m 3, 6 6 -9  m m o l)  
a n d  t e t r a h y d r o f u r a n  ( 2 2  c m 3)  w e r e  a d d e d  to  a  2 5 0  c m 3 t h r e e - n e c k e d  f l a s k  f i t t e d  w i t h  a  
s e p tu m , a  r e f lu x  c o n d e n s e r  a n d  a  n i t r o g e n  in le t ,  a n d  h e a t e d  to  r e f lu x  a t  8 0  ° C . 4 -
B r o m o (p h e n y lm e th o x y )b e n z e n e  ( 3 0 - 4 9  g ,  1 1 6 -3  m m o l)  w a s  s lo w ly  a d d e d  th r o u g h  th e  to p  
o f  th e  c o n d e n s e r ,  w h ic h  p r o v o k e d  a  v ig o r o u s  e f f e r v e s c e n c e .  D ic h lo r o d im e t h y ls i l a n e  
( 2 1 -3 l g ,  2 0 -0 3  c m 3, 1 6 5 -1  m m o l)  a n d  T H F  ( 3 0  c m 3)  w e r e  a d d e d , a n d  th e  r e a c t io n  w a s  
m a in t a in e d  a t  r e f lu x  fo r  s ix t e e n  h o u r s .
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T h e  g r e e n  s o lu t io n  w a s  s t ir r e d  fo r  a  f u r th e r  f o r t y - e ig h t  h o u r s , b e fo r e  b e in g  n e u t r a l i s e d  w i t h  
a  1 5 %  a q u e o u s  s o lu t io n  o f  s o d iu m  c a r b o n a te  ( 1 0 0  c m 3) .  A  d e n s e  w h i t e  p r e c ip i t a t e  w a s  
f o r m e d , w h ic h  w a s  r e m o v e d  b y  v a c u u m  f i l t r a t io n .  T h e  o r g a n ic  p h a s e  w a s  s e p a r a t e d .  T h e  
a q u e o u s  l a y e r  w a s  e x t r a c t e d  w i t h  d ic h lo r o m e th a n e  (2  x  1 5 0  c m 3) .  T h e  o r g a n ic  la y e r s  w e r e  
c o m b in e d  a n d  d r ie d  o v e r  m a g n e s iu m  s u lp h a te .  T h e  s o lv e n t s  w e r e  r e m o v e d  b y  r o t a r y  
e v a p o r a t io n .
Product: 30-49 g; Crude yield: 52-6%; Dark green oil 
Analysis: lHNMR -  Compatible, with residual solvent traces
3 .2 . 1 . 9 )  P u r i f i c a t i o n  o f  l , 3 - 6 z s(4 - ( p h e n y l m e t h o x y ) p h e n y l ) - l , l 53 , 3 -
t e t r a m e t h y l d i s i l o x a n e
l , 3 - B w ( 4 - ( p h e n y lm e t h o x y ) p h e n y l ) - l , l ,3 , 3 - t e t r a m e t h y ld i s i lo x a n e  ( 3 0 * 4 9  g )  w a s  s o l id i f i e d  
in  a  f r e e z e r ,  a n d  a d d e d  to  a  p r e - c o o le d  s in t e r e d  g l a s s  f u n n e l  a t t a c h e d  to  a  B u c h n e r  f u n n e l .  
A  v a c u u m  w a s  a p p l i e d  v ia  a  w a t e r  p u m p . T h e  s o l id  w a s  q u ic k l y  c r u s h e d  w i t h  a  g la s s  r o d  
a n d  w a s h e d  w i t h  h e x a n e  a t  - 7 8  ° C . T h e  r e s u l t a n t  b e ig e  s o l id  w a s  a l lo w e d  to  d r y  fo r  a n  
h o u r  u n d e r  v a c u u m . T h e  s o lv e n t  s i g n a l s  a p p e a r e d  to  h a v e  b e e n  s u b s t a n t i a l l y  r e d u c e d
Product: 6-89 g; Recovery yield: 22-6%; Slightly beige solid 
Analysis: ‘HNMR -  Compatible
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3 . 2 . 1 . 1 0 )  P u r i f i c a t i o n  o f  l , 3 -/ jjs (4 - ( p h e n y l m e t h o x y ) p h e n y l ) - l , l , 3 , 3 -  
t e t r a m e t h y l d i s i l o x a n e
T h e  c r u d e  1 , 3 - 6 A (4 - ( p h e n y lm e t h o x y ) p h e n y l ) - 1 , 1 , 3 , 3 - t e t r a m e t h y ld i s i lo x a n e  ( 4 0 -2 3  g ,  
8 0 -6  m m o l)  w a s  s o l id i f i e d  b y  c o o l in g  in  a  f r e e z e r .  C h i l l e d  m e th a n o l  ( 5 0  m l )  w a s  a d d e d , 
a n d  th e  m ix t u r e  w a s  a d d e d  to  a  s in t e r e d  g l a s s  f u n n e l  a n d  s t ir r e d .  T h e  s o lv e n t  w a s  d r a w n  
th r o u g h  u n d e r  v a c u u m , a p p l ie d  f r o m  a  w a t e r  p u m p . T h e  b e ig e  s o l id  w a s  w a s h e d  w i t h  
f r e s h  c h i l l e d  m e th a n o l  (2  x  4 0  m l )  a n d  a l lo w e d  to  d r y  u n d e r  v a c u u m .
Product: 16-33 g; Recovery yield: 40-6 %; Beige solid 
Analysis: !H NMR -  Compatible, with substantially residual solvent traces
3 . 2 . 1 . 1 1 )  S y n t h e s i s  o f  4 - b r o m o ( p h e n y lm e t h o x y ) b e n z e n e
O w in g  to  th e  u s u a l  e a s e  o f  th is  r e a c t io n ,  d r ie d  g l a s s w a r e  w a s  n o t  u s e d .
4 - B r o m o p h e n o l ( 5 4 g , 3 1 2  m m o l)  a n d  p o t a s s iu m  c a r b o n a te  ( 4 3 - 0 9  g ,  3 1 2  m m o l)  w e r e  
d i s s o lv e d  in  a c e to n e  ( 3 7 5  c m 3)  in  a  5 0 0  c m 3 r o u n d - b o t to m e d  f l a s k  f i t t e d  w i t h  a  r e f lu x  
c o n d e n s e r  a n d  a  d r y in g  tu b e  f i l l e d  w i t h  c a lc iu m  c h lo r id e .  T h is  m ix t u r e ,  u n d e r  v ig o r o u s  
s t i r r in g ,  w a s  h e a te d  to  r e f lu x  a t  8 0  ° C . A f t e r  f i f t e e n  m in u t e s ,  th e  d r y in g  t u b e  w a s  r e m o v e d  
to  a l lo w  b e n z y l  b r o m id e  ( 6 1 -3 4 g , 4 2 -1  c m 3, 3 5 8  m m o l)  to  b e  in je c t e d  s l o w l y  v ia  a  g l a s s  
s y r in g e .  T h e  d r y in g  tu b e  w a s  r e p la c e d  a n d  th e  m ix t u r e  m a in t a in e d  a t  r e f lu x  fo r  a  f u r th e r  
e ig h t  h o u r s .
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T h e  m ix t u r e  w a s  w a s h e d  w i t h  a  I M  a q u e o u s  s o lu t io n  o f  s o d iu m  h y d r o x id e  (3  x  2 5 0  c m 3)  
a n d  s a t u r a t e d  b r in e  (2  x  2 5 0  c m 3) . T h e  o r g a n ic  l a y e r  w a s  d r ie d  o v e r  m a g n e s iu m  s u lp h a te ,  
a n d  th e  s o lv e n t s  r e m o v e d  b y  r o t a r y  e v a p o r a t io n . A  g r e e n  l iq u id  w a s  o b t a in e d , w h ic h  w a s  
s o l id i f i e d  in  a  f r e e z e r .  A  s l i g h t l y  b e ig e  c o n g e a le d  c r y s t a l l in e  s o l id  w a s  o b t a in e d .
T h is  s o l id  w a s  a d d e d  to  a  p r e - c o o le d  s in t e r e d  g l a s s  f u n n e l  f i t t e d  to  a  B u c h n e r  f u n n e l .  A  
v a c u u m  w a s  a p p l ie d  v ia  a  w a t e r  p u m p . T h e  l a r g e  b e ig e  c r y s t a l s  w e r e  c r u s h e d  w i t h  a  g la s s  
r o d , a n d  th e  s o l id  w a s h e d  w i t h  m e th a n o l  a t  - 2 0  ° C  u n t i l  a  w h i t e  p o w d e r y  s o l id  w a s  
o b t a in e d . T h is  w a s  a l lo w e d  to  d r y  u n d e r  v a c u u m  fo r  tw o  h o u rs .
A l t h o u g h  t h is  p r o d u c t  i n i t i a l l y  a p p e a r e d  id e n t ic a l  to  b a tc h e s  p r e v io u s l y  o b ta in e d , th e  
c r y s t a l l in e  s o l id  d e c a y e d  o v e r  a  p e r io d  o f  o n e  w e e k e n d  to  a  w a x y ,  p a r t i a l l y  l iq u e f ie d ,  w h i t e  
s o l id .  A  b a tc h  o f  th e  r e s id u a l  s o l id  w a s  t r a n s f o r m e d  to  a  G r ig n a r d  r e a g e n t  a n d  r e a c t e d  w i t h  
d ic h lo r o d im e t h y ls i l a n e .  T h e  r e m a in in g  p r o d u c t  w a s  l e f t  fo r  tw o  d a y s  in  a  d e s ic c a t o r  u n d e r  
v a c u u m  in  th e  p r e s e n c e  o f  p h o s p h o r u s ( v )  o x id e ,  b u t  n e v e r th e le s s  d e c a y e d  to  a  g r e e n  o i l .  
T h is  o i l  w a s  p la c e d  in  a  f r e e z e r  a n d  l e f t  o v e r n ig h t .  A l t h o u g h  th e  v i s c o s i t y  o f  th e  o i l  
in c r e a s e d  c o n s id e r a b ly ,  th e  p r o d u c t  d id  n o t  r e c r y s t a l l i s e .  T h e  r e a c t io n  w a s  a b a n d o n e d .
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3 . 2 . 1 . 1 2 )  S y n t h e s i s  o f  ( 4 - b r o m o p h e n o x y ) ( l , l - d i m e t h y l e t h y l ) d i m e t h y l s i l a n e
A tte m p t 1
4 - B r o m o p h e n o l ( 2 -0 0  g ,  1 1 -5  m m o l) ,  c h lo r o ( l , l - d im e t h y l e t h y l ) d im e t h y l s i l a n e  (o r  te r t-  
b u t y lc h lo r o d im e th y l s i l a n e )  ( 2* 1 0  g ,  1 3 -9  m m o l)  a n d  im id a z o le  ( 1 -9 7  g ,  2 8 - 9  m m o l)  w e r e  
d i s s o lv e d  in  A / T V -d im e th y lfo rm a m id e , D M F  (5  c m 3)  in  a  t h r e e - n e c k e d  r o u n d -b o t to m e d  
f l a s k  f i t t e d  w i t h  a  r e f lu x  c o n d e n s e r  a n d  a  n i t r o g e n  in le t .  T h e  r e s u l t a n t  c o lo u r le s s  s o lu t io n  
w a s  h e a t e d  to  3 5  ° C  a n d  s t ir r e d  o v e r n ig h t .
H e p ta n e  (1 5  c m 3)  w a s  a d d e d  to  th e  s o lu t io n ,  w h ic h  w a s  th e n  w a s h e d  w i t h  a  I M  a q u e o u s  
s o lu t io n  o f  s o d iu m  h y d r o x id e  ( 3 x 15  c m 3) .  T h e  o r g a n ic  p h a s e  w a s  w a s h e d  w i t h  s a tu r a t e d  
b r in e  s o lu t io n  ( 2  x  1 5  c m 3)  a n d  d r ie d  o v e r  m a g n e s iu m  s u lp h a te .  T h e  d e s ic c a n t  w a s  
r e m o v e d  b y  g r a v i t y  f i l t r a t io n  a n d  th e  s o lv e n t s  r e m o v e d  b y  r o t a r y  e v a p o r a t io n .
Product: 1-33 g; Yield: 40-2%; Colourless pungent liquid 
Analysis: TLC (Eluent: Dichloromethane -  1 spot);1HNMR -  Results shown on following page:
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P e a k  S h i f t  
( p .p .m . )
N a t u r e I n t e g r a l C o u p l i n g  
C o n s t a n t  ( H z )
A s s i g n m e n t
0 -1 8 S in g le t 6 N /A S K C f f 3)
0 -9 8 S in g l e t 9 N /A - C ( C t f 3) 3
1-21 T r ip le t N /A N /A N o t a s s ig n e d
1 -3 8 S in g l e t N /A N /A N o t  a s s ig n e d
1 -53 S in g l e t N /A N /A H D O
6 -6 9 , 6 -7 1 D o u b le t  o f  
d o u b le t s
2 6 -0 0 A r o m a t ic
p ro to n s
7 -2 5 S in g le t N /A N /A U n d e u te r a t e d
C D C 13
7 -3 0 , 7*32 D o u b le t  o f  
d o u b le t s
2 6 -0 0 A r o m a t ic
p ro to n s
Table 3.6:1HNMR data for (4-bromophenoxy)(l,l-dimethylethyl)dimethylsilane
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A tte m p t 2
4 -B r o m o p h e n o l ( 2 -7 7  g ,  1 6 -0  m m o l) ,  c h lo r o ( l , l - d im e t h y l e t h y l ) d im e t h y l s i l a n e  ( 2*90  g ,  
1 9 -2  m m o l)  a n d  im id a z o le  ( 2 -7 3  g ,  40 * 0  m m o l)  w e r e  d is s o lv e d  in  D M F  (5  c m 3)  in  a  t h r e e ­
n e c k e d  r o u n d - b o t to m e d  f l a s k  f i t t e d  w i t h  a  r e f lu x  c o n d e n s e r  a n d  a  n i t r o g e n  in le t .  T h e  
r e s u l t a n t  c o lo u r le s s  s o lu t io n  w a s  h e a t e d  to  3 5  ° C  a n d  s t ir r e d  o v e r n ig h t .  H e p ta n e  (1 5  c m 3) 
w a s  a d d e d  to  th e  s o lu t io n , w h ic h  w a s  th e n  w a s h e d  w i t h  a  I M  a q u e o u s  s o lu t io n  o f  s o d iu m  
h y d r o x id e  (2  x  15  c m  ) .  T h e  o r g a n ic  p h a s e  w a s  w a s h e d  w i t h  I M  h y d r o c h lo r ic  a c id  
( 2  x  15  c m 3)  a n d  n e u t r a l i s e d  w i t h  s a t u r a t e d  b r in e  s o lu t io n  ( 2 x 15  c m 3) .  T h e  r e s u l t a n t  
c o lo u r le s s  l iq u id  w a s  d r ie d  o v e r  m a g n e s iu m  s u lp h a te .  T h e  d e s ic c a n t  w a s  r e m o v e d  b y  
g r a v i t y  f i l t r a t io n  a n d  th e  s o lv e n t s  r e m o v e d  b y  r o t a r y  e v a p o r a t io n .
Product: 4-41 g; Yield: 95-6%; Colourless liquid 
Analysis: ‘H NMR -  Results similar to previous table (Table 3.6)
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3 .2 . 1 . 1 3 )  S y n t h e s i s  o f  l , 3 - 6 /s(4 - ( ( l , l - d i m e t h y l e t h y l ) d i m e t h y l s i l y l o x y ) p h e n y l ) - l , l 53 ,3 -  
t e t r a m e t h y l d i s i l o x a n e
M a g n e s iu m  ( 0 -3 4  g ,  1 2 -8  m m o l) ,  d ic h lo r o d im e t h y ls i l a n e  ( 0 -9 8  g ,  0 -9  c m 3, 7 -6  m m o l)  a n d  
T H F  (3  c m 3)  w e r e  a d d e d  to  a  t h r e e - n e c k e d  r o u n d - b o t to m e d  f l a s k  f i t t e d  w i t h  a  r e f lu x  
c o n d e n s e r ,  a  s e p tu m  a n d  a  n i t r o g e n  in le t .  T h e  r e s u l t a n t  s u s p e n s io n  w a s  h e a t e d  to  r e f lu x  a t  
8 0  °C  w i t h  m a g n e t ic  s t i r r in g .  (4 - B r o m o p h e n o x y ) ( l , l - d im e t h y l e t h y l ) d im e t h y l s i l a n e  
( 4 -0  g ,  1 3 -9  m m o l)  w a s  s lo w ly  in je c t e d  v ia  a  g l a s s  s y r in g e ,  w h ic h  c a u s e d  v ig o r o u s  
e f f e r v e s c e n c e .  T o  th e  r e s u l t a n t  g r e e n  s o lu t io n , d ic h lo r o d im e t h y ls i l a n e  ( 2 -3 8  g ,  1 2 -2  c m 3, 
18*5 m m o l)  a n d  T H F  (6  c m 3)  w e r e  a d d e d . T h e  r e a c t io n  m ix t u r e  w a s  s t ir r e d  a t  r e f lu x  
o v e r n ig h t .
T o  th e  c o o le d  s o lu t io n , d ie t h y l  e th e r  ( 1 0  c m 3)  w a s  a d d e d . T h e  e x c e s s  G r ig n a r d  r e a g e n t  
w a s  d e s t r o y e d  b y  th e  s lo w  a d d i t io n  o f  a  1 5 %  a q u e o u s  s o lu t io n  o f  s o d iu m  c a r b o n a te  
(2 5  c m 3) .  T h e  r e s u l t a n t  d e n s e  w h i t e  p r e c ip i t a t e  w a s  r e m o v e d  b y  v a c u u m  f i l t r a t io n .  T h e  
o r g a n ic  p h a s e  w a s  s e p a r a t e d ,  a n d  th e  a q u e o u s  p h a s e  w a s  e x t r a c t e d  w i t h  d ie th y l  e th e r  
( 2 x 15  c m 3) .  T h e  c o m b in e d  o r g a n ic  e x t r a c t s  w e r e  d r ie d  o v e r  m a g n e s iu m  s u lp h a te .  T h e  
d e s ic c a n t  w a s  r e m o v e d  b y  g r a v i t y  f i l t r a t io n  a n d  th e  s o lv e n t s  r e m o v e d  b y  r o t a r y  
e v a p o r a t io n .
Product: 3 8 6 g; Yield: 50-6%; Green oil 
Analysis: 1HNMR -  Compatible, with solvent impurities, results shown in table on following page:
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P e a k  S h i f t  
( p .p .m . )
N a t u r e I n t e g r a l C o u p l in g  
C o n s t a n t  (H z )
A s s i g n m e n t
0 -0 9 S in g le t 1 2 N /A A r - S i - C t f 3
0 -2 0 S in g le t 6 N /A Z -B u-S i-C T /3
0 -8 6 S in g le t N /A N /A P o s s ib le  h y d r o c a r b o n  
im p u r i t y
0 -9 9 S in g l e t 9 N /A - C ( C  H &
1 -6 3 - 2 -0 0 C o m p le x
m u lt ip le t
N /A N /A S o lv e n t  im p u r i t ie s
3 -4 4 - 3 -6 8 C o m p le x
m u l t ip le t
N /A N /A D ie th y l  e th e r  a n d  T H F
6 -8 0 , 6 -8 4 D o u b le t  o f  
d o u b le t s
2 1 2 -0 1 A r o m a t ic  p ro to n s
7 -1 9 S in g le t N /A N /A U n d e u t e r a t e d  C D C 13
7 -2 0 , 7 - 2 4 D o u b le t  o f  
d o u b le t s
2 1 2 -0 1 A r o m a t ic  p ro to n s
Table 3.7: !H NMR data for l,3-bis(4-((l, 1 -dimethylethyl)dimethylsilyloxy)phenyl)-l, 1,3,3-
tetrarnethyldisiloxane
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3 .2 .2 )  E t h e r  c le a v a g e
T h is  s e c t io n  d e a l s  w i t h  th e  a t t e m p te d  c l e a v a g e s  o f  th e  s i lo x a n e - c o n t a in in g  e th e r s  fo rm e d  
d u r in g  th e  p r o je c t .
3 .2 .2 . 1 )  A t t e m p t e d  s y n t h e s i s  o f  l , 3 -£ /s(4 - h y d r o x y p h e n y l ) - l ,  1 , 3 ,3 -
t e t r a m e t h y l d i s i l o x a n e
1 ,3 - A z s / d - m e th o x y p h e n y l) - ! ,  1 ,3 ,3 - t e t r a m e th y ld i s i lo x a n e  ( 5 -0  g  1 3 -5  m m o l ) ,  w a s  p la c e d  in  
a  r o u n d - b o t to m e d  f l a s k ,  f i t t e d  w i t h  a  r e f lu x  c o n d e n s e r ,  a n d  d i s s o lv e d  in  a  5 :1  m ix t u r e  o f  
h y d r io d ic  a c id  a n d  a c e t i c  a c id  ( 1 2 0  c m 3) .  T h e  b l a c k  s o lu t io n  w a s  h e a t e d  to  b o i l in g  a t  
1 3 0  ° C , a n d  m a in t a in e d  a t  r e f lu x  fo r  t w e n t y - f o u r  h o u r s . A f t e r  c o o l in g ,  d e c o lo r is in g  
c h a r c o a l  w a s  a d d e d  to  th e  b l a c k  s o lu t io n , w h ic h  w a s  th e n  h e a te d  to  r e f lu x  f o r  a n  h o u r . T h e  
s o lu t io n  w a s  c o o le d , a n d  f i l t e r e d  th r o u g h  H y f lo  S u p e r c e l .  D ic h lo r o m e th a n e  w a s  a d d e d  to  
th e  d e e p  b r o w n  s o lu t io n , a n d  th e  p h a s e s  s e p a r a t e d .  S i x  s im i l a r  e x t r a c t io n s  w e r e  
p e r f o r m e d . T h e  s o lv e n t s  w e r e  e v a p o r a te d  f r o m  th e  o r g a n ic  e x t r a c t s ,  to  l e a v e  a  d e e p  b ro w n  
o i l ,  w h ic h  w a s  n o t  a n a ly s e d  f u r th e r .
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3 . 2 . 2 .2 )  A t t e m p t e d  s y n t h e s i s  o f  l , 3 - 6 zs(4 - h y d r o x y p h e n y l ) - l , l ?3 ,3 -  
t e t r a m e t h y l d i s i l o x a n e
1 ,3 -5 /.s(4 - h y d r o x y p h e n y l ) - l ,  1 , 3 ,3 - t e t r a m e th y ld i s i lo x a n e  ( 5 -0  g  13*5  m m o l ) ,  w a s  p la c e d  in  
a  r o u n d - b o t to m e d  f l a s k ,  f i t t e d  w i t h  a  r e f lu x  c o n d e n s e r ,  a n d  d i s s o lv e d  in  a  5 :1  m ix t u r e  o f  
h y d r o b r o m ic  a c id  a n d  a c e t i c  a c id  ( 1 2 0  c m 3) .  T h e  r e s u l t a n t  d a r k  o r a n g e  s o lu t io n  w a s  
h e a te d  to  b o i l in g  a t  1 5 0  ° C , a n d  m a in t a in e d  a t  r e f lu x  fo r  t w e n t y - f o u r  h o u r s . T h e  s o lv e n t s  
w e r e  r e m o v e d  b y  r o t a r y  e v a p o r a t io n . A  d e e p  b l a c k  t a r r y  s u b s t a n c e  r e m a in e d ,  w h ic h  
r e v e a le d  s e v e r a l  s p o ts  o n  a  T L C  p la t e .
3 .2 . 2 .3 )  P u r i f i c a t i o n  o f  h y d r o b r o m ic  a c i d  c l e a v a g e  p r o d u c t
A  s m a l l  s a m p le  o f  th e  b l a c k  t a r  w a s  d i s s o lv e d  in  d ic h lo r o m e th a n e , a n d  a  T L C  p la t e  w a s  
r u n , u s in g  th e  s a m e  s o lv e n t  a s  e lu e n t .  F iv e  s p o ts  w e r e  v i s ib l e  u n d e r  a  U V  la m p  a t  2 5 4  n m : 
o n e  w a s  id e n t i f i a b le  a s  th e  s t a r t in g  m a t e r i a l .  A n o th e r  s p o t  w a s  l e s s  p o la r  a n d , h e n c e ,  v e r y  
u n l i k e l y  to  b e  th e  d e s i r e d  p ro d u c t . T w o  m o r e  s p o t s , b o th  m o r e  p o la r  th a n  th e  s t a r t in g  
m a t e r i a l ,  w e r e  v e r y  c lo s e  t o g e th e r  a n d  i t  w a s  h y p o t h e s is e d  th a t  th e  t a r g e t  c o m p o u n d  w o u ld  
b e  r e s p o n s ib le  f o r  o n e  o f  t h e s e  s p o t s . T h e  f in a l  s p o t  w a s  o n  th e  b a s e l in e .
T h e  t a r  ( 1 -3 2  g )  w a s  a d d e d  to  a  s lu r r y - p a c k e d  c o lu m n  o f  s i l i c a ,  a n d  e lu t e d  w i t h  
d ic h lo r o m e th a n e : e a c h  f r a c t io n  w a s  a n a ly s e d  b y  T L C . T h e  in i t i a l  n o n - p o la r  f r a c t io n s ,  
w h ic h  e lu t e d  v e r y  q u ic k l y ,  w e r e  c o l l e c t e d  a n d  e v a p o r a t e d ,  b u t  n o t  a n a l y s e d  fu r th e r .
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A  f e w  f r a c t io n s  w e r e  o b t a in e d  w h ic h  c o n t a in e d  p u r e  s t a r t in g  m a t e r i a l ,  b u t , a f t e r  
e v a p o r a t io n , th e  a m o u n t  o f  p r o d u c t  w a s  m in u s c u le .  T h e  n e x t  f e w  f r a c t io n s  s h o w e d  th e  
p r e s e n c e  o f  a  m ix t u r e  o f  s t a r t in g  m a t e r i a l  a n d  t h e  c o m p o u n d s  r e s p o n s ib le  fo r  th e  tw o  sp o ts  
im m e d ia t e l y  b e lo w  it .  T h e  f in a l  f r a c t io n s  s h o w e d  o n ly  th e  p r e s e n c e  o f  t h e s e  tw o  sp o ts .
Product: 0-08 g; Purification yield: 6'1%; Deep green oil 
Analysis:1H NMR -  Incompatible, no siloxane incorporation
3 . 2 .2 . 4 )  A t t e m p t e d  s y n t h e s e s  o f  l , 3 -#/s(4 - h y d r o x y p h e n y l ) - l , l , 3 ,3 -  
t e t r a m e t h y l d i s i l o x a n e  w i t h  a  p h a s e  t r a n s f e r  c a t a l y s t
A tte m p t  1
1 ,3 -A A (4 - m e t h o x y p h e n y l ) - 1 , 1 ,3 , 3 - t e t r a m e th y ld i s i lo x a n e  (5  g ,  13*5  m m o l)  a n d
t r ib u t y lh e x a d e c y lp h o s p h o n iu m  b r o m id e  ( 0 -0 6  g ,  0 - 1 4  m m o l)  w e r e  d i s s o lv e d  in  a  4 7 %  
a q u e o u s  s o lu t io n  o f  h y d r o b r o m ic  a c id  ( 1 0 0  c m 3)  a n d  p la c e d  in  a  t h r e e - n e c k e d  f l a s k  f i t t e d  
w i t h  a  r e f lu x  c o n d e n s e r .  T h e  b r o w n  m ix t u r e  w a s  h e a t e d  to  b o i l in g  a t  1 1 5  ° C , a n d  
m a in t a in e d  t h e r e  f o r  tw e n t y - f o u r  h o u r s . A f t e r  c o o l in g ,  d ic h lo r o m e t h a n e  e x t r a c t io n s  
(3  x  5 0  c m 3)  w e r e  t a k e n ,  w a s h e d  w i t h  s a t u r a t e d  b r in e  a n d  d r ie d  o v e r  m a g n e s iu m  s u lp h a te .  
T h e  d e s ic c a n t  w a s  r e m o v e d  b y  g r a v i t y  f i l t r a t io n  a n d  th e  s o lv e n t s  b y  r o t a r y  e v a p o r a t io n . A  
d e e p  b r o w n  o i l  w a s  o b t a in e d , f o r  w h ic h  a  c o m p le x  T L C  p a t t e r n  w a s  o b s e r v e d  u n d e r  U V  
l ig h t  a t  2 5 4  n m  ( e lu e n t :  d ic h lo r o m e t h a n e ) .  T h e  s t a r t in g  m a t e r i a l  w a s  s t i l l  v i s ib l e ,  a lo n g  
w i t h  n u m e r o u s  d i f f e r e n t  s p o t s , o f  g r e a t e r  a n d  lo w e r  p o la r i t y .
Analysis of crude product: *H NMR @ 60 MHz -  Incompatible, no siloxane incorporation
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A tte m p t  2
l , 3 - J ? w (4 - m e t h o x y p h e n y l ) - l , l ,3 , 3 - t e t r a m e t h y ld i s i lo x a n e  (5  g ,  13*5  m m o l)  a n d  
t r ib u t y lh e x a d e c y lp h o s p h o n iu m  b r o m id e  ( 0 -3 4  g ,  0 -6 8  m m o l)  w e r e  d i s s o lv e d  in  a  4 7 %  
a q u e o u s  s o lu t io n  o f  h y d r o b r o m ic  a c id  ( 1 0 0  c m 3)  a n d  p la c e d  in  a  t h r e e - n e c k e d  f l a s k  f i t t e d  
w i t h  a  r e f lu x  c o n d e n s e r .  T h e  b r o w n  m ix t u r e  w a s  h e a te d  to  b o i l in g  a t  1 1 5  ° C , a n d  
m a in t a in e d  th e r e  fo r  th r e e  h o u r s . A f t e r  c o o l in g ,  d ic h lo r o m e th a n e  e x t r a c t io n s  (3  x  5 0  c m 3) 
w e r e  t a k e n .  T h e s e  e x t r a c t s  w e r e  w a s h e d  w i t h  s a t u r a t e d  b r in e  a n d  d r ie d  o v e r  m a g n e s iu m  
s u lp h a te .  T h e  s o lu t io n  w a s  f i l t e r e d  a n d  th e  s o lv e n t s  r e m o v e d  b y  r o t a r y  e v a p o r a t io n . A  
d e e p  b r o w n  o i l  w a s  o b t a in e d , fo r  w h ic h  a  c o m p le x  T L C  p a t t e r n  w a s  o b s e r v e d  u n d e r  U V  
l i g h t  a t  2 5 4  n m , u s in g  d ic h lo r o m e t h a n e  a s  e lu e n t .
P u r i f ic a t io n  w a s  a t te m p te d  b y  f l a s h  c h r o m a t o g r a p h y , u s in g  a  s lu r r y - p a c k e d  s i l i c a  c o lu m n  
a n d  d ic h lo r o m e t h a n e  a s  e lu e n t .  O n ly  m ix e d  f r a c t io n s  w e r e  o b t a in e d , a s  a  s e le c t io n  o f  d e e p  
g r e e n  o i l s .  T h e  q u a n t i t ie s  r e c o v e r e d  w e r e  in s u f f ic i e n t  to  a l lo w  N M R  o r  I R  a n a l y s i s  to  b e  
u n d e r t a k e n .
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3 .2 .2 . 5 )  A t t e m p t e d  s y n t h e s e s  o f  l , 3 - 6 zs(4 - h y d r o x y p h e n y l ) - l , l » 3 , 3 -  
t e t r a m e t h y l d i s i l o x a n e  w i t h  b o r o n  t r i b r o m i d e
A tte m p t 1
1 ,3 -5 zs(4 - m e t h o x y p h e n y l ) - l ,  1 ,3 ,3 - t e t r a m e th y ld i s i lo x a n e  (5  g ,  13*5  m m o l)  w a s  d is s o lv e d  in  
d ic h lo r o m e t h a n e  (2 5  c m 3)  a n d  p la c e d  in  a  t h r e e - n e c k e d  f l a s k  f i t t e d  w i t h  a  s e p tu m , a  r e f lu x  
c o n d e n s e r  a n d  a  n i t r o g e n  in le t .  T h e  s o lu t io n  w a s  c o o le d  in  a n  i c e  b a th . A I M  s o lu t io n  o f  
b o r o n  t r ib r o m id e  in  d ic h lo r o m e th a n e  ( 8 -9  c m 3, 8*9 m m o l)  w a s  s lo w ly  in je c t e d  v ia  a  g l a s s  
s y r in g e ,  w h ic h  c a u s e d  th e  e v o lu t io n  o f  g r e y  f u m e s .  T h e  g r e e n  s o lu t io n  w a s  a l lo w e d  to  
r e tu r n  to  r o o m  t e m p e r a tu r e  a f t e r  c o m p le t e  a d d it io n . T h e  r e a c t io n  w a s  s t u d ie d  b y  T L C , 
u s in g  io d in e  a s  a  r e v e a l in g  a g e n t .  N o  r e a c t io n  w a s  o b s e r v e d  a f t e r  tw o  h o u r s  o f  s t ir r in g ,  so  
th e  r e a c t io n  w a s  h e a te d  to  r e f lu x .
A f t e r  f o u r  h o u r s ,  a  n u m b e r  o f  o th e r  s p o ts  h a d  a p p e a r e d , b u t  th e  s t a r t in g  m a t e r i a l  w a s  s t i l l  
v i s ib l e .  T h e  r e a c t io n  m ix t u r e  w a s  a l lo w e d  to  s t i r  o v e r n ig h t  a t  r e f lu x .  E x a m in a t io n  a f te r  
t w e n t y - f o u r  h o u r s  a t  r e f lu x  s h o w e d  f iv e  d is t in c t  s p o t s  o n  a  T L C  p la t e .  A  s p o t  v e r y  s im i l a r  
to  th a t  o f  th e  s t a r t in g  m a t e r i a l  w a s  s t i l l  a p p a r e n t ,  o n e  sp o t  w a s  s l i g h t l y  l e s s  p o la r  th a n  th is ,  
tw o  w e r e  s l i g h t l y  m o r e  p o la r ,  a n d  o n e  h a r d ly  m o v e d  f r o m  th e  b a s e l in e .  T h e  r e a c t io n  w a s  
q u e n c h e d  w i t h  a  1 5 %  a q u e o u s  s o lu t io n  o f  s o d iu m  c a r b o n a te  ( 5 0  c m 3) .  T h is  a d d it io n  w a s  
h i g h ly  e x o th e r m ic ,  a n d  p r o v o k e d  th e  e v o lu t io n  o f  g r e y  f u m e s .  T h e  o r g a n ic  l a y e r  w a s  
s e p a r a t e d  a n d  d r ie d  o v e r  m a g n e s iu m  s u lp h a te .  T h e  s o lu t io n  w a s  f i l t e r e d ,  a n d  th e  s o lv e n t s  
r e m o v e d  u n d e r  r e d u c e d  p r e s s u r e  to  y i e ld  a  g r e e n  o i l  ( 2 -3 5  g ) .
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T h e  c o m p o u n d  w a s  a d d e d  to  a  s lu r r y - p a c k e d  s i l i c a  c o lu m n , a n d  e lu t e d  w i t h  a  1:1  m ix t u r e  
o f  e th y l  a c e t a t e  a n d  h e p ta n e . S e p a r a t io n  w a s  e x t r e m e ly  in e f f i c i e n t  u s in g  t h e s e  c o n d it io n s . 
T h e  f i r s t  f r a c t io n  c o n t a in e d  th e  p u r e  p o la r  c o m p o u n d  o n ly ,  b u t  th e  n e x t  t h r e e  c o n t a in e d  a  
m ix t u r e  o f  t h is  a n d  th e  a p p a r e n t  s t a r t in g  m a t e r i a l .  T h e  n e x t  th r e e  f r a c t io n s  s h o w e d  th e  
p r e s e n c e  o f  t h is  la t t e r  s p o t  a n d  th e  tw o  im m e d ia t e l y  b e lo w  it . T h e  n e x t  f o u r  f r a c t io n s  
s h o w e d  o n ly  th e  p r e s e n c e  o f  t h e s e  tw o  m o r e  p o la r  c o m p o u n d s . T h e  m o s t  p o la r  c o n s t i tu e n t  
c o u ld  n o t  b e  e lu t e d  f r o m  th e  c o lu m n , e v e n  a f t e r  th e  a p p l ic a t io n  o f  n e a t  m e th a n o l  (2 5 0  
c m 3).
T h e  s o lv e n t s  w e r e  e v a p o r a te d  f r o m  a l l  o f  th e  c o l l e c t e d  f r a c t io n s .  L e s s  th a n  1 0  m g  o f  th e  
le a s t  p o la r  c o n s t i tu e n t  w a s  r e c o v e r e d ,  w h ic h  p r o v e d  in s u f f ic ie n t  f o r  I R  o r  N M R  a n a ly s i s .  
11 m g  o f  th e  s t a r t in g  m a te r ia l/ m o r e  p o la r  p r o d u c t s  m ix t u r e  r e m a in e d  a f t e r  e v a p o r a t io n , 
a n d  15  m g  o f  th e  m ix t u r e  o f  th e  tw o  m o r e  p o la r  c o m p o u n d s  o n ly .
Compound 2 Analysis: ‘H NMR (D6-DMSO) -  Incompatible, no siloxane incorporation 
Compound 3 Analysis:1HNMR(D6-DMSO) -  Incompatible, no siloxane incorporation
A tte m p t 2
l , 3 -R w (4 - m e t h o x y p h e n y l ) - l , l ,3 , 3 - t e t r a m e th y ld i s i lo x a n e  (5  g ,  13*5  m m o l)  w a s  d i s s o lv e d  in  
d ic h lo r o m e t h a n e  (2 5  c m 3)  a n d  p la c e d  in  a  t h r e e - n e c k e d  f l a s k  f i t t e d  w i t h  a  s e p tu m , a  r e f lu x  
c o n d e n s e r  a n d  a  n i t r o g e n  in le t .  T h e  s o lu t io n  w a s  c o o le d  to  - 7 8  °C  in  a n  a c e to n e / d ry  i c e  
b a th . A  I M  s o lu t io n  o f  b o r o n  t r ib r o m id e  in  d ic h lo r o m e th a n e  ( 8 -9  c m 3, 8 -9  m m o l)  w a s  
s lo w ly  in je c t e d  v ia  a  g l a s s  s y r in g e ,  w h ic h  c a u s e d  th e  e v o lu t io n  o f  g r e y  f u m e s .
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T h e  g r e e n  s o lu t io n  w a s  m a in t a in e d  a t  - 7 8  °C  fo r  f i v e  h o u r s , b e fo r e  b e in g  a l lo w e d  to  r e tu r n  
to  r o o m  t e m p e r a tu r e  o v e r n ig h t .  N o  r e a c t io n  w a s  o b s e r v e d  in  T L C . C o n s e q u e n t ly ,  th e  
r e a c t io n  w a s  h e a te d  to  r e f lu x ,  w h e r e  i t  w a s  m a in t a in e d  fo r  s i x  h o u r s . S in c e  th e  s t a r t in g  
m a t e r i a l  w a s  s t i l l  c l e a r l y  v i s ib l e ,  t h e  r e a c t io n  m ix t u r e  w a s  a l lo w e d  to  s t i r  o v e r n ig h t  a t  
r e f lu x .
T h e  r e a c t io n  w a s  q u e n c h e d  w i t h  a  1 5 %  a q u e o u s  s o lu t io n  o f  s o d iu m  c a r b o n a te  ( 5 0  c m 3) . 
T h e  o r g a n ic  l a y e r  w a s  s e p a r a t e d  a n d  d r ie d  o v e r  m a g n e s iu m  s u lp h a te .  T h e  s o lu t io n  w a s  
f i l t e r e d ,  a n d  th e  s o lv e n t s  r e m o v e d  u n d e r  r e d u c e d  p r e s s u r e  to  y i e ld  a  g r e e n  o i l  ( 2 -5 3  g ) ,  
w h ic h  s h o w e d  a  s im i l a r  T L C  p r o f i l e  to  th a t  o f  th e  p r e v io u s  r e a c t io n .
P u r i f ic a t io n  w a s  a t t e m p te d  u s in g  a  s im i l a r  m e th o d  to  th a t  d e s c r ib e d  f o r  th e  p r e c e d in g  
s y n th e s is ,  b u t  u s in g  a  7 :3  m ix t u r e  o f  h e p t a n e  a n d  e t h y l  a c e t a t e  a s  e lu e n t  in  a n  a t te m p t  to  
im p r o v e  th e  s e p a r a t io n . T h e  r e s u l t s  w e r e  n o t  n o t ic e a b ly  b e t t e r  th a n  fo r  th e  p r e v io u s  
e x p e r im e n t .
A tte m p t 3
1 ,3 -A A (4 - m e t h o x y p h e n y l ) - 1 , 1 , 3 , 3 - t e t r a m e th y ld i s i lo x a n e  (5  g ,  13*5  m m o l)  w a s  d is s o lv e d  in  
d ic h lo r o m e t h a n e  (2 5  c m 3)  a n d  p l a c e d  in  a  t h r e e - n e c k e d  f l a s k  f i t t e d  w i t h  a  s e p tu m , a  r e f lu x  
c o n d e n s e r  a n d  a  n i t r o g e n  in le t .  T h e  s o lu t io n  w a s  c o o le d  to  - 7 8  °C  in  a n  a c e to n e / d ry  ic e  
b a th . A  I M  s o lu t io n  o f  b o ro n  t r ib r o m id e  in  d ic h lo r o m e t h a n e  ( 8 -9  c m 3, 8 -9  m m o l)  w a s  
s l o w l y  in je c t e d  v ia  a  g l a s s  s y r in g e ,  w h ic h  c a u s e d  th e  e v o lu t io n  o f  g r e y  f u m e s .
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T h e  g r e e n  s o lu t io n  w a s  m a in t a in e d  a t  - 7 8  °C  fo r  f i v e  h o u r s , b e fo r e  b e in g  a l lo w e d  to  r e tu rn  
to  r o o m  t e m p e r a tu r e  o v e r n ig h t .  N o  r e a c t io n  w a s  o b s e r v e d  in  T L C . C o n s e q u e n t ly ,  th e  
r e a c t io n  w a s  h e a t e d  to  r e f lu x ,  w h e r e  i t  w a s  m a in t a in e d  fo r  s i x  h o u r s . S in c e  th e  s t a r t in g  
m a t e r i a l  w a s  s t i l l  c l e a r l y  v i s ib l e ,  th e  r e a c t io n  m ix t u r e  w a s  a l lo w e d  to  s t i r  o v e r n ig h t  a t  
r e f lu x .
T h e  r e a c t io n  w a s  q u e n c h e d  w i t h  a  1 5 %  a q u e o u s  s o lu t io n  o f  s o d iu m  c a r b o n a te  (5 0  c m 3). 
T h e  o r g a n ic  l a y e r  w a s  s e p a r a t e d  a n d  d r ie d  o v e r  m a g n e s iu m  s u lp h a te .  T h e  s o lu t io n  w a s  
f i l t e r e d ,  a n d  th e  s o lv e n t s  r e m o v e d  u n d e r  r e d u c e d  p r e s s u r e  to  y i e ld  a  g r e e n  o i l  ( 2 -3 7  g ) .
T h e  g r e e n  o i l  o b t a in e d  w a s  s t u d ie d  b y  h ig h  p e r f o r m a n c e  l iq u id  c h r o m a t o g r a p h y  (H P L C ) , 
w i t h  th e  a im  o f  u s in g  p r e p a r a t iv e  H P L C  to  e f f e c t  s e p a r a t io n . A  v e r y  c o m p le x  m ix t u r e  w a s  
o b t a in e d , w i t h  tw o  p r in c ip a l  p e a k s .  In  a n  e f fo r t  to  d e te r m in e  w h e t h e r  o n e  o f  th e s e  p e a k s  
w a s  c a u s e d  b y  th e  t a r g e t  c o m p o u n d , th e  c o m p o u n d  w a s  a d d e d  to  a  p r e p a r a t iv e  T L C  p la t e ,  
a n d  e lu t e d  w i t h  a  1 :1  m ix t u r e  o f  e t h y l  a c e t a t e  a n d  h e p ta n e . T h is  e n a b le d  t r a c e  q u a n t i t ie s  
(c a . 1 0  m g )  o f  e a c h  o f  th e  f iv e  c o n s t i tu e n t s  v i s ib l e  o n  th e  T L C  p la t e  to  b e  is o la t e d .  
H o w e v e r ,  th e s e  c o m p o u n d s  s t i l l  a p p e a r e d  a s  c o m p le x  m ix t u r e s  w h e n  r e - a n a ly s e d  o n  a  
f r e s h  T L C  p la t e .
Compound 1 Analysis IR -  Absorption 3350 cm' 1 (b) [-OH], No absorption 3000 cm' 1 [~OCH3]
'H NMR (D6-DMSO) -  Incompatible, no siloxane incorporation 
Compound 2 Analysis IR -  Absorption 3350 cm' 1 (b) [-OH], No absorption 3000 cm' 1 [-OCH3]
!H NMR (D6-DMSO) -  Incompatible, no siloxane incorporation
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A tte m p t 4
1 . 3 -Rz,s(4 - m e t h o x y p h e n y l ) - l ,  1 , 3 , 3 - t e t r a m e th y ld i s i lo x a n e  ( 0*5 g ,  1*35  m m o l)  w a s  d is s o lv e d  
in  d ic h lo r o m e th a n e  (5  c m 3)  a n d  p la c e d  in  a  t h r e e - n e c k e d  f l a s k  f i t t e d  w i t h  a  s e p tu m , a  
r e f lu x  c o n d e n s e r  a n d  a  n i t r o g e n  in le t .  T h e  s o lu t io n  w a s  c o o le d  to  - 7 8  °C  in  a n  a c e to n e / d ry  
i c e  b a th . A  I M  s o lu t io n  o f  b o r o n  t r ib r o m id e  in  d ic h lo r o m e t h a n e  ( 13*5  c m 3, 1 3 -5  m m o l)  
w a s  s lo w ly  in je c t e d  v ia  a  g l a s s  s y r in g e ,  w h ic h  c a u s e d  th e  e v o lu t io n  o f  g r e y  f u m e s .  T h e  
g r e e n  s o lu t io n  w a s  m a in t a in e d  a t  - 7 8  °C  fo r  f i v e  h o u r s . R e g u la r  e x t r a c t s  w e r e  t a k e n  a n d  
a n a ly s e d  b y  H P L C , b u t  n o  c h a n g e  w a s  o b s e r v e d . T h e  s o lu t io n  w a s  a l lo w e d  to  r e tu r n  to  
r o o m  t e m p e r a tu r e  o v e r  n ig h t .
3 . 2 . 2 .6 )  S y n t h e s i s  o f  l , 3 - 6 /s(4 ~ h y d r o x y p h e n y l ) - l , l ,3 ,3 - t e t r a m e t h y l d i s i l o x a n e  f r o m  i t s  
d i b e n z y l  e t h e r
S y n th e s is  1
1 .3 -5 /x(4 - ( p h e n y lm e t h o x y ) p h e n y l ) - 1 , 1 , 3 ,3 - t e t r a m e th y ld i s i lo x a n e  ( 2 0 -0  g ,  40*1  m m o l)  a n d  
5 %  p a l l a d iu m  o n  c a r b o n  (2  g )  w e r e  p la c e d  in  a  2 5 0  c m 3 c o n ic a l  f l a s k  e q u ip p e d  w i t h  a  s id e
q q
a r m . M e th a n o l  ( 2 0 0  c m  )  w a s  a c id i f i e d  w i t h  c o n c e n t r a t e d  h y d r o c h lo r ic  a c id  ( 1 0  c m  )  a n d  
a d d e d  to  th e  c o n ic a l  f l a s k .  T h e  f l a s k  w a s  s to p p e r e d  a n d  a  b a l lo o n  f i l l e d  w i t h  h y d r o g e n  w a s  
a t t a c h e d  to  th e  s id e  a r m . T h e  m ix t u r e  w a s  s t ir r e d  m a g n e t i c a l l y  f o r  t w e n t y - f o u r  h o u r s , 
d u r in g  w h ic h  t im e  th e  v o lu m e  o f  g a s  in  th e  b a l lo o n  v i s i b l y  d e c r e a s e d .
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T h e  m ix t u r e  w a s  f i l t e r e d  th r o u g h  H y f lo  S u p e r c e l  a n d  a  s in te r e d  g l a s s  f u n n e l .  T h e  m ix tu r e  
w a s  m a d e  a lk a l i n e  b y  th e  a d d i t io n  o f  I M  s o d iu m  h y d r o x id e .  T h e  a q u e o u s  l a y e r  w a s  
r e m o v e d  a n d  th e  o r g a n ic  l a y e r  w a s  w a s h e d  w i t h  I M  a q u e o u s  s o d iu m  h y d r o x id e  s o lu t io n  
( 2  x  1 5 0  c m 3) .  T h e  c o m b in e d  a l k a l i n e  e x t r a c t s  w e r e  r e - a c id i f i e d  w i t h  I M  h y d r o c h lo r ic  
a c id  a n d  e x t r a c t e d  w i t h  d ic h lo r o m e th a n e  (3  x  1 5 0  c m 3) . T h e  o r g a n ic  e x t r a c t s  w e r e  w a s h e d  
w i t h  s a t u r a t e d  b r in e  (2  x  2 5 0  c m 3)  a n d  d r ie d  o v e r  m a g n e s iu m  s u lp h a t e .  T h e  d e s ic c a n t  w a s  
r e m o v e d  b y  f i l t r a t io n  a n d  th e  s o lv e n t s  b y  r o t a r y  e v a p o r a t io n  a t  4 5  °C .
Product: 8 • 7 g; Green oil 
Analysis: ‘HNMR -  Compatible with unreacted starting material
S y n th e s is  2
1 ,3 -5 « ( 4 - ( p h e n y lm e t h o x y ) p h e n y l ) - 1 , 1 , 3 , 3 - t e t r a m e t h y ld i s i lo x a n e  ( 1 -0  g ,  2 -0  m m o l)  a n d  5 %  
p a l l a d iu m  o n  c a r b o n  ( 0 -1  g )  w e r e  p l a c e d  in  a  5 0  c m 3 c o n ic a l  f l a s k  e q u ip p e d  w i t h  a  s id e  
a rm . G la c ia l  a c e t i c  a c id  ( 2 0  c m 3)  w a s  a d d e d  to  th e  c o n ic a l  f l a s k .  T h e  f l a s k  w a s  s e a le d  
w i t h  a  s e p tu m . A  b a l lo o n  f i l l e d  w i t h  h y d r o g e n  w a s  a t t a c h e d  to  t h e  s id e  a r m , a n d  th e  
m ix t u r e  w a s  s t ir r e d  m a g n e t i c a l l y  f o r  f o r t y - e ig h t  h o u r s ,  u n t i l  th e  a m o u n t  o f  g a s  in  th e  
b a l lo o n  h a d  d e c r e a s e d  to  a  c o n s t a n t  v o lu m e .
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T h e  r e a c t io n  m ix t u r e  w a s  f i l t e r e d  th r o u g h  H y f lo  S u p e r c e l  o n  a  s in t e r e d  g l a s s  f u n n e l .  T h e  
m ix t u r e  w a s  r e n d e r e d  a lk a l i n e  b y  th e  a d d i t io n  o f  I M  s o d iu m  h y d r o x id e .  T h e  a q u e o u s  
l a y e r  w a s  r e m o v e d  a n d  th e  o r g a n ic  l a y e r  w a s  w a s h e d  w i t h  I M  s o d iu m  h y d r o x id e  
( 2  x  5 0  c m 3) .  T h e  c o m b in e d  a lk a l i n e  e x t r a c t s  w e r e  r e - a c id i f i e d  w i t h  I M  h y d r o c h lo r ic  a c id  
a n d  e x t r a c t e d  w i t h  d ic h lo r o m e t h a n e  (3  x  5 0  c m 3) .  T h e  o r g a n ic  e x t r a c t s  w e r e  w a s h e d  w i t h
* 3
s a t u r a t e d  b r in e  ( 2  x  5 0  c m  )  a n d  d r ie d  o v e r  m a g n e s iu m  s u lp h a te .  T h e  d e s ic c a n t  w a s  
r e m o v e d  b y  f i l t r a t io n  a n d  th e  s o lv e n t s  b y  r o t a r y  e v a p o r a t io n .
Product: 0-23 g; Crude yield: 36-0 %; Dark green oil 
Analysis: !H NMR -  Incompatible, some benzyl cleavage, but no siloxane signals
3 .2 . 2 .7 )  C l e a v a g e  u n d e r  a c i d i c  c o n d i t io n s
S y n th e s is  1
1 ,3 -A A (4 - ( p h e n y lm e t h o x y ) p h e n y l ) - 1 , 1 , 3 , 3 - t e t r a m e t h y ls i lo x a n e  ( 1*0 g ,  2 -0  m m o l)  a n d  1 0 %  
p a l l a d iu m  o n  c a r b o n  (0 -1  g )  w e r e  p l a c e d  in  a  1 0 0  c m 3 c o n ic a l  f l a s k  e q u ip p e d  w i t h  a  s id e  
a r m . M e th a n o l  (1 5  c m 3)  w a s  a c id i f i e d  w i t h  c o n c e n t r a t e d  h y d r o c h lo r ic  a c id  ( 0 -5  c m 3)  a n d  
a d d e d  to  th e  c o n ic a l  f l a s k .  T h e  f l a s k  w a s  s e a l e d  w i t h  a  s e p tu m  a n d  a  b a l lo o n  f i l l e d  w i t h  
h y d r o g e n  w a s  a t t a c h e d  to  th e  s id e  a r m  v ia  a  c lo s e d  t a p . T h e  a i r  w a s  e v a c u a t e d  f ro m  th e  
f l a s k  b y  th e  a p p l ic a t io n  o f  a  v a c u u m  a n d  th e  t a p  w a s  o p e n e d  to  p l a c e  t h e  r e a c t io n  u n d e r  a n  
a tm o s p h e r e  o f  h y d r o g e n . T h e  m ix t u r e  w a s  s t ir r e d  m a g n e t i c a l l y  f o r  t w e n t y - f o u r  h o u r s , 
d u r in g  w h ic h  t im e  th e  v o lu m e  o f  g a s  in  th e  b a l lo o n  v i s i b l y  d e c r e a s e d .  A f t e r  t w e n t y - f o u r  
h o u r s ,  th e  h y d r o g e n  w a s  r e p la c e d ,  a n d  th is  p r o c e d u r e  w a s  r e p e a t e d  a f t e r  a  fu r th e r  tw e n ty -  
f o u r  h o u r s , b y  w h ic h  t im e  th e  lo s s  o f  g a s  a p p e a r e d  to  b e  n e g l i g ib l e .
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T h e  m ix t u r e  w a s  f i l t e r e d  th r o u g h  H y f lo  S u p e r c e l  a n d  a  s in t e r e d  g l a s s  f u n n e l .  T h e  m ix t u r e  
w a s  r e n d e r e d  a lk a l i n e  b y  th e  a d d i t io n  o f  I M  a q u e o u s  s o d iu m  h y d r o x id e  ( 2 5  c m 3) .  T h e  
a q u e o u s  l a y e r  w a s  r e m o v e d  a n d  th e  o r g a n ic  l a y e r  w a s  w a s h e d  w i t h  I M  a q u e o u s  s o d iu m  
h y d r o x id e  (2  x  2 5  c m 3) .  T h e  c o m b in e d  a l k a l i n e  e x t r a c t s  w e r e  r e - a c id i f i e d  w i t h  
I M  h y d r o c h lo r ic  a c id  a n d  e x t r a c t e d  w i t h  d ic h lo r o m e th a n e  (3  x  2 5  c m 3) .
T h e  o r g a n ic  e x t r a c t s  w e r e  w a s h e d  w i t h  s a t u r a t e d  b r in e  ( 2  x  2 5  c m 3)  a n d  d r ie d  o v e r  
m a g n e s iu m  s u lp h a te .  T h e  d e s ic c a n t  w a s  r e m o v e d  b y  f i l t r a t io n  a n d  th e  s o lv e n t s  b y  r o t a r y  
e v a p o r a t io n  a t  4 5  ° C .
Product: 0-52 g; Green oil 
Analysis: JHNMR -  Incompatible, no siloxane incorporation
S y n th e s is  2
1 ,3 -5 w ( 4 - ( p h e n y lm e t h o x y ) p h e n y l ) - l , 1 ,3 ,3 - t e t r a m e t h y ls i lo x a n e  ( 1 -0  g ,  2*0  m m o l)  a n d  1 0 %  
p a l l a d iu m  o n  c a r b o n  (0 -1  g )  w e r e  p la c e d  in  a  1 0 0  c m 3 c o n ic a l  f l a s k  e q u ip p e d  w i t h  a  s id e  
a r m . M e th a n o l  (1 5  c m 3)  w a s  a c id i f i e d  w i t h  g l a c i a l  a c e t ic  a c id  ( 0 -5  c m 3)  a n d  a d d e d  to  th e  
c o n ic a l  f l a s k .  T h e  f l a s k  w a s  s e a le d  w i t h  a  s e p tu m  a n d  a  b a l lo o n  f i l l e d  w i t h  h y d r o g e n  w a s  
a t t a c h e d  to  th e  s id e  a r m  v ia  a  c lo s e d  ta p . T h e  a i r  w a s  e v a c u a t e d  f r o m  th e  f l a s k  b y  th e  
a p p l ic a t io n  o f  a  v a c u u m  a n d  th e  t a p  w a s  o p e n e d  to  p la c e  th e  r e a c t io n  u n d e r  a n  a tm o s p h e r e  
o f  h y d r o g e n . T h e  m ix t u r e  w a s  s t ir r e d  m a g n e t i c a l l y  f o r  t w e n t y - f o u r  h o u r s ,  d u r in g  w h ic h  
t im e  th e  v o lu m e  o f  g a s  in  th e  b a l lo o n  d e c r e a s e d  s u b s t a n t ia l ly .  A f t e r  t w e n t y - f o u r  h o u r s , th e  
h y d r o g e n  w a s  r e p la c e d ,  a n d  th is  p r o c e d u r e  w a s  r e p e a t e d  a f t e r  a  f u r th e r  t w e n t y - f o u r  h o u r s . 
A f t e r  a  f u r th e r  t w e n t y - f o u r  h o u r s ,  n o  fu r th e r  d e c r e a s e  in  th e  v o lu m e  o f  g a s  w a s  a p p a re n t .
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T h e  m ix t u r e  w a s  f i l t e r e d  th r o u g h  H y f lo  S u p e r c e l  a n d  a  s in t e r e d  g l a s s  f u n n e l .  T h e  m ix t u r e  
w a s  m a d e  a lk a l i n e  b y  th e  a d d it io n  o f  I M  a q u e o u s  s o d iu m  h y d r o x id e  (2 5  c m 3) . T h e  
a q u e o u s  l a y e r  w a s  r e m o v e d  a n d  th e  o r g a n ic  l a y e r  w a s  w a s h e d  w i t h  a  I M  a q u e o u s  s o lu t io n  
o f  s o d iu m  h y d r o x id e  ( 2  x  2 5  c m 3) .
T h e  c o m b in e d  a lk a l i n e  e x t r a c t s  w e r e  r e - a c id i f i e d  w i t h  I M  h y d r o c h lo r ic  a c id  a n d  e x t r a c te d  
w i t h  d ic h lo r o m e t h a n e  (3  x  2 5  c m 3) .  T h e  o r g a n ic  e x t r a c t s  w e r e  w a s h e d  w i t h  s a tu r a t e d  
b r in e  ( 2  x  2 5  c m  )  a n d  d r ie d  o v e r  m a g n e s iu m  s u lp h a te .  T h e  d e s ic c a n t  w a s  r e m o v e d  b y  
f i l t r a t io n  a n d  th e  s o lv e n t s  b y  r o t a r y  e v a p o r a t io n  a t  4 5  °C .
Product: 0-45 g; Green oil 
Analysis:1H NMR -  Incompatible, no siloxane incorporation
3 .2 .2 .8 )  B e n z y l  c l e a v a g e  u n d e r  n e u t r a l  c o n d i t io n s
l , 3 -5 zx(4 - ( p h e n y lm e t h o x y ) p h e n y l ) - 1 , 1 ,3 ,3 - t e t r a m e th y ls i lo x a n e  ( 1-0  g ,  2 -0  m m o l)  a n d  1 0 %  
p a l l a d iu m  o n  c a r b o n  (0 -1  g )  a n d  m e th a n o l  ( 1 5  c m 3)  w e r e  p la c e d  in  a  1 0 0  c m 3 c o n ic a l  f l a s k  
e q u ip p e d  w i t h  a  s id e  a r m . T h e  f l a s k  w a s  s e a l e d  w i t h  a  s e p tu m  a n d  a  b a l lo o n  f i l l e d  w i t h  
h y d r o g e n  w a s  a t t a c h e d  to  th e  s id e  a r m  v ia  a  c lo s e d  t a p . T h e  a i r  w a s  e v a c u a t e d  f ro m  th e  
f l a s k  u s in g  a  w a t e r  p u m p  a n d  th e  t a p  w a s  o p e n e d  to  p l a c e  t h e  r e a c t io n  u n d e r  a n  
a tm o s p h e r e  o f  h y d r o g e n . T h e  m ix t u r e  w a s  s t ir r e d  m a g n e t i c a l l y  f o r  t w e n t y - f o u r  h o u rs , 
d u r in g  w h ic h  t im e  th e  v o lu m e  o f  g a s  in  th e  b a l lo o n  d e c r e a s e d  s u b s t a n t i a l l y .  A f t e r  tw e n t y -  
f o u r  h o u r s , th e  h y d r o g e n  w a s  r e p la c e d ,  a n d  th is  p r o c e d u r e  w a s  r e p e a t e d  a f t e r  a  f u r th e r  
t w e n t y - f o u r  h o u r s . A f t e r  a  f u r th e r  tw e n t y - f o u r  h o u r s , n o  fu r th e r  d e c r e a s e  in  th e  v o lu m e  o f  
g a s  w a s  a p p a re n t .
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T h e  m ix t u r e  w a s  f i l t e r e d  th r o u g h  H y f lo  S u p e r c e l  a n d  a  s in te r e d  g l a s s  f u n n e l .  T h e  m ix t u r e  
w a s  m a d e  a lk a l i n e  b y  th e  a d d it io n  o f  I M  a q u e o u s  s o d iu m  h y d r o x id e  s o lu t io n  (2 5  c m 3) . 
T h e  a q u e o u s  l a y e r  w a s  r e m o v e d  a n d  th e  o r g a n ic  l a y e r  w a s  w a s h e d  w i t h  I M  a q u e o u s  
s o d iu m  h y d r o x id e  s o lu t io n  ( 2  x  2 5  c m 3) .
T h e  c o m b in e d  a lk a l in e  e x t r a c t s  w e r e  r e - a c id i f i e d  w i t h  I M  h y d r o c h lo r ic  a c id  a n d  e x t r a c te d  
w i t h  d ic h lo r o m e th a n e  (3  x  2 5  c m 3) .  T h e  o r g a n ic  e x t r a c t s  w e r e  w a s h e d  w i t h  s a tu r a te d  
b r in e  (2  x  2 5  c m 3)  a n d  d r ie d  o v e r  m a g n e s iu m  s u lp h a te .  T h e  d e s ic c a n t  w a s  r e m o v e d  b y  
f i l t r a t io n  a n d  th e  s o lv e n t s  b y  r o t a r y  e v a p o r a t io n  a t  4 5  °C .
Product: 0'49 g; Green oil 
Analysis: 1H NMR -  Incompatible, no siloxane incorporation
3 . 2 .2 .9 )  A t t e m p t e d  s y n t h e s i s  o f  l , 3 -Z>/s(4 - h y d r o x y p h e n y l ) - l ,  1 , 3 , 3 -
t e t r a m e t h y l d i s i l o x a n e  f r o m  i t s  T B D M S  e t h e r  u n d e r  a c i d i c  c o n d i t io n s
A tte m p t 1
G la s s w a r e  u s e d  in  th is  r e a c t io n  w a s  n o t  p r e - d r ie d . 1 ,3 - J ?w (4 - ( 1 , 1-  
d im e t h y le t h y l ) d im e t h y l s i l y lo x y ) p h e n y l ) - 1 , 1 ,3 , 3 - t e t r a m e th y ld i s i lo x a n e  ( 0 -5  g ,  0*9  m m o l) ,  
g l a c i a l  a c e t i c  a c id  (3  c m 3) ,  w a t e r  (1  c m 3)  a n d  T H F  (1  c m 3)  w e r e  a d d e d  to  a  2 5  c m 3 c o n ic a l  
f l a s k .  T h e  m ix t u r e  w a s  s t ir r e d  m a g n e t i c a l l y  fo r  t w e n t y - f o u r  h o u r s .
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T h e  m ix t u r e  w a s  e x t r a c t e d  w i t h  d ic h lo r o m e t h a n e  ( 2 x 5  c m 3) . T h e  o r g a n ic  e x t r a c t s  w e r e  
e x t r a c t e d  w i t h  a  I M  a q u e o u s  s o lu t io n  o f  s o d iu m  h y d r o x id e  (2  x  1 0  c m 3) .  T h e  b a s ic  
s o lu t io n  w a s  a c id i f i e d  w i t h  I M  a q u e o u s  h y d r o c h lo r ic  a c id  a n d  e x t r a c t e d  w it h  
d ic h lo r o m e t h a n e  (2  x  10  c m 3) .
T h e  s o lu t io n  w a s  d r ie d  o v e r  m a g n e s iu m  s u lp h a te ,  f i l t e r e d ,  a n d  th e  s o lv e n t s  w e r e  r e m o v e d  
b y  r o t a r y  e v a p o r a t io n .
Product: 0-34g; Green oil 
Analysis:1HNMR -  Incompatible, no siloxane incorporation
A tte m p t 2
G la s s w a r e  u s e d  in  th is  r e a c t io n  w a s  n o t  p r e - d r ie d .  l , 3 -2? is (4 - ( ( l , l -  
d im e t h y l e t h y l ) d im e t h y l s i l y l o x y ) p h e n y l ) - l , l ,3 , 3 - t e t r a m e th y ld i s i lo x a n e  ( 0 -5  g ,  0 -9  m m o l) ,  
g l a c i a l  a c e t i c  a c id  (1  c m 3) ,  w a t e r  (3  c m 3)  a n d  T H F  (1  c m 3)  w e r e  a d d e d  to  a  2 5  c m 3 c o n ic a l  
f l a s k .  T h e  m ix t u r e  w a s  s t ir r e d  m a g n e t i c a l l y  f o r  t w e n t y - f o u r  h o u r s .
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T h e  m ix t u r e  w a s  e x t r a c t e d  w i t h  d ic h lo r o m e t h a n e  ( 2 x 5  c m 3) . T h e  o r g a n ic  e x t r a c t s  w e r e  
e x t r a c t e d  w i t h  a  I M  a q u e o u s  s o lu t io n  o f  s o d iu m  h y d r o x id e  (2  x  1 0  c m 3) .  T h e  b a s ic  
s o lu t io n  w a s  a c id i f i e d  w i t h  I M  a q u e o u s  h y d r o c h lo r ic  a c id  a n d  e x t r a c t e d  w ith  
d ic h lo r o m e t h a n e  (2  x  10  c m  ) . T h e  s o lu t io n  w a s  d r ie d  o v e r  m a g n e s iu m  s u lp h a te ,  f i l t e r e d ,  
a n d  th e  s o lv e n t s  w e r e  r e m o v e d  b y  r o t a r y  e v a p o r a t io n . A  g r e e n  o i l  w a s  o b t a in e d .
Product: 0-3Ig; Green oil 
Analysis:1H NMR -  Incompatible, no siloxane incorporation
3 .2 . 2 . 1 0 )  A t t e m p t e d  s y n t h e s i s  o f  l , 3 - 6 /s(4 - h y d r o x y p h e n y I ) - l , l ? 3 , 3 - 
t e t r a m e t h y l d i s i l o x a n e  u s i n g  t e t r a b u t y l a m m o n i u m  f l u o r i d e
T h e  t e r f - b u t y ld im e t h y l s i l y l - p r o t e c t e d  d i s i lo x a n e  c o m p o u n d , 1 , 3 -5 z j ( 4 - ( ( 1 , 1 - 
d im e t h y le t h y l ) d im e t h y l s i l y lo x y ) p h e n y l ) - 1 ,1 ,3 , 3 - t e t r a m e t h y ld i s i lo x a n e  (1 -0  g ,  1-8  m m o l)  
w a s  d i s s o lv e d  in  T H F  (7  c m  )  in  a  t h r e e - n e c k e d  r o u n d - b o t to m e d  f l a s k  f i t t e d  w i t h  a  s e p tu m , 
a  n i t r o g e n  in le t  a n d  a  c o n d e n s e r .  T h e  s o lu t io n  w a s  s t ir r e d  m a g n e t i c a l l y  a n d  c o o le d  to  0  ° C  
u s in g  a  s a lt/ ic e  b a th . A  I M  s o lu t io n  o f  t e t r a b u t y la m m o n iu m  f lu o r id e  in  T H F  ( 3 -6 5  c m 3, 
3*7  m m o l)  w a s  s lo w ly  in je c t e d .  T h e  s o lu t io n  w a s  a l lo w e d  to  s t i r  a t  0  ° C  fo r  f iv e  m in u t e s ,  
a n d  a t  2 5  ° C  fo r  f o r t y  m in u t e s .
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T h e  s o lu t io n  w a s  e x t r a c t e d  w i t h  a  I M  a q u e o u s  s o lu t io n  o f  s o d iu m  h y d r o x id e  ( 2 x 10  c m 3) . 
T h e  a lk a l i n e  e x t r a c t s  w e r e  a c id i f i e d  u s in g  I M  a q u e o u s  h y d r o c h lo r ic  a c id  a n d  r e - e x t r a c t e d  
w i t h  d ic h lo r o m e t h a n e  ( 2  x  15  c m 3) .  T h e  o r g a n ic  e x t r a c t s  w e r e  w a s h e d  w i t h  b r in e  
( 2 x 15  c m 3) ,  d r ie d  o v e r  m a g n e s iu m  s u lp h a t e  a n d  f i l t e r e d .  T h e  s o lv e n t s  w e r e  r e m o v e d  b y  
r o t a r y  e v a p o r a t io n .
Product: Trace quantity; White powder 
Analysis: ‘H NMR -  Incompatible, no siloxane incorporation
3 .2 .2 . 1 1 )  A t t e m p t e d  s y n t h e s i s  o f  l , 3 -£ /s(4 - h y d r o x y p h e n y l ) - l ,  1 , 3 ,3 -
t e t r a m e t h y l d i s i l o x a n e  u s i n g  d i - i s o b u t y l a l u m i n i u m  h y d r i d e  ( D I B A L - H )
1 , 3 -5 f r ( 4 - m e t h o x y p h e n y l ) - l , 1 ,3 ,3 - t e t r a m e t h y ld i s i lo x a n e  ( 2 -5  g ,  1-2 m m o l)  w a s  d is s o lv e d  
in  h e p t a n e  ( 2 5  c m 3)  in  a  t h r e e - n e c k e d  r o u n d - b o t to m e d  f l a s k  f i t t e d  w i t h  a  s e p tu m  a n d  a  
n i t r o g e n  in le t .  A  I M  s o lu t io n  o f  D I B A L -H  in  h e p t a n e  ( 28*9  c m 3, 7 -2  m m o l)  w a s  a d d e d  
d r o p w is e .  T h e  r e a c t io n  m ix t u r e  w a s  th e n  h e a t e d  to  r e f lu x  a n d  s t ir r e d  f o r  s i x  h o u r s . T h e  
s o lu t io n  w a s  c o o le d  to  0  ° C  u s in g  a  s a lt/ ic e  b a th ,  a n d  th e  r e s id u a l  D I B A L -H  w a s  d e s t r o y e d  
b y  th e  c a r e f u l  a d d it io n  o f  e th a n o l  ( 1 0  c m 3)  a n d  a  1 :1  e th a n o l/ w a te r  m ix t u r e  ( 1 0  c m 3) . T h e  
a q u e o u s  l a y e r  w a s  r e m o v e d . T h e  o r g a n ic  l a y e r  w a s  e x t r a c t e d  w i t h  a  I M  a q u e o u s  s o lu t io n  
o f  s o d iu m  h y d r o x id e  ( 2  x  2 0  c m 3) .  T h e  e x t r a c t s  w e r e  th e n  a c id i f i e d  w i t h  I M  h y d r o c h lo r ic  
a c id  a n d  r e - e x t r a c t e d  w i t h  d ic h lo r o m e t h a n e  ( 2  x  2 0  c m 3) .
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T h e  o r g a n ic  p h a s e  w a s  w a s h e d  w i t h  b r in e  ( 2  x  2 0  c m 3) ,  d r ie d  o v e r  m a g n e s iu m  s u lp h a te ,  
a n d  th e  s o lv e n t s  w e r e  e v a p o r a te d .
Product: 1-65 g; Green oil 
Analysis: 1HNMR -  Incompatible, no aromatic signals
3 .2 .3 )  F r i e d e l - C r a f t s  s i l y l a t io n  o f  p h e n o l
T h is  s e c t io n  d e s c r ib e s  th e  p r e p a r a t iv e  w o r k  fo r  th e  p r o p o s e d  o n e - s t e p  s y n t h e s is  o f  1 ,3 - 
6 A (4 - h y d r o x y p h e n y l ) - 1 , 1 , 3 , 3 - t e t r a m e th y ld i s i lo x a n e  u s in g  a  F r ie d e l - C r a f t s  t y p e  r e a c t io n .
3 .2 .3 . 1 )  A t t e m p t e d  s y n t h e s i s  o f  l , 3 - # « ( 4 - h y d r o x y p h e n y l ) - l , l , 3 , 3 -  
t e t r a m e t h y l d i s i l o x a n e
S y n th e s is
P h e n o l ( 0 -9 2  g ,  9*8 m m o l)  a n d  a lu m in iu m ( m )  c h lo r id e  ( 0 -7 8  g ,  5 -8 8  m m o l)  w e r e  d is s o lv e d  
in  n i t r o b e n z e n e  ( 2 5  c m 3)  in  a  5 0  c m 3 r o u n d - b o t to m e d  f l a s k  e q u ip p e d  w i t h  a  r e f lu x  
c o n d e n s e r .  1 , 3 - D ic h lo r o - 1 , 1 , 3 ,3 - t e t r a m e t h y ld i s i lo x a n e  (1  g ,  0 -9 6  c m 3, 4*9  m m o l)  w a s  
s lo w ly  in je c t e d  a n d  a  d r y in g  tu b e  f i l l e d  w i t h  c a l c iu m  c h lo r id e  w a s  a d d e d  to  th e  to p  o f  th e  
c o n d e n s e r .  T h e  m ix t u r e  w a s  s t ir r e d  m a g n e t i c a l l y  f o r  t w e n t y - f o u r  h o u r s .  T L C , u s in g  
d ic h lo r o m e t h a n e  a s  e lu e n t ,  in d ic a t e d  th e  f o r m a t io n  o f  a  le s s  p o la r  p r o d u c t ,  a l t h o u g h  s o m e  
s t a r t in g  m a t e r i a l  r e m a in e d .
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T h e  m ix t u r e  w a s  d i s s o lv e d  in  d ic h lo r o m e t h a n e  ( 5 0  c m 3)  a n d  w a s h e d  t w ic e  w it h  
I M  h y d r o c h lo r ic  a c id  (2  x  5 0  c m 3) .  T h e  o r g a n ic  p h a s e  w a s  e x t r a c t e d  w i t h  I M  a q u e o u s  
s o d iu m  h y d r o x id e  (3  x  5 0  c m 3) .  T h e  c o m b in e d  a l k a l i n e  e x t r a c t s  w e r e  r e - a c id i f i e d  w i t h  
I M  h y d r o c h lo r ic  a c id  a n d  e x t r a c t e d  w i t h  d ic h lo r o m e th a n e  (3  x  5 0  c m 3) .  T h e  o r g a n ic  
p h a s e s  w e r e  w a s h e d  w i t h  s a t u r a te d  b r in e  ( 2  x  7 5  c m 3)  a n d  d r ie d  o v e r  m a g n e s iu m  s u lp h a te .  
T h e  s o lu t io n  w a s  f i l t e r e d  a n d  th e  s o lv e n t s  r e m o v e d  b y  r o t a r y  e v a p o r a t io n . A  d e e p  g r e e n  
o i l  w a s  o b t a in e d .
Analysis of crude product: TLC (Eluent, dichloromethane) -  Three spots (Phenol and two less polar) 
Purification
B o th  p h e n o l a n d  a  le s s  p o la r  c o m p o u n d  w e r e  v i s ib l e  in  T L C  u n d e r  U V  l i g h t  a t  2 5 4  n m . 
T h e  o i l  w a s  p r e - a d s o r b e d  o n to  s i l i c a  a n d  a d d e d  to  th e  to p  o f  a  p r e - m o is t e n e d  s i l i c a  
c o lu m n . T h e  p r o d u c t s  w e r e  e lu t e d  w i t h  d ic h lo r o m e th a n e . A l l  f r a c t io n s  c o n t a in in g  th e  f ir s t  
p r o d u c t  to  e lu t e  w e r e  c o l le c t e d ,  a s  w e r e  a l l  c o n t a in in g  th e  s e c o n d . T h e s e  f r a c t io n s  w e r e  
d r ie d  o v e r  m a g n e s iu m  s u lp h a t e  a n d  th e  s o lv e n t s  r e m o v e d  b y  r o t a r y  e v a p o r a t io n .
Product 1: 0-15g; Green oil 
Analysis:1H NMR -  Incompatible, pava-disubstituted aromatic system, no siloxane function
Product 2: 0-25g; Green oil 
Analysis: ‘HNMR -  Compatible with contaminated phenol
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3 . 2 .3 . 2 )  R o o m  t e m p e r a t u r e  r e a c t io n s
S y n th e s is  1
P h e n o l ( 0 -8 7  g ,  9*31  m m o l)  a n d  a lu m in iu m ( n i)  c h lo r id e  ( 1 -2 4  g ,  9 -3 1  m m o l)  w e r e  
d i s s o lv e d  in  n i t r o b e n z e n e  (2 5  c m 3)  in  a  5 0  c m 3 r o u n d - b o t to m e d  f l a s k  e q u ip p e d  w i t h  a  
r e f lu x  c o n d e n s e r .  l , 3 - D i c h l o r o - l , l , 3 , 3 - t e t r a m e t h y ld i s i lo x a n e  (1  g ,  0 -9 6  c m 3, 4 -9  m m o l)  
w a s  s l o w l y  in je c t e d .  A  d r y in g  tu b e  f i l l e d  w i t h  c a l c iu m  c h lo r id e  w a s  a d d e d  to  th e  to p  o f  
th e  c o n d e n s e r  a n d  th e  m ix t u r e  w a s  s t ir r e d  m a g n e t i c a l l y  fo r  t w e n t y - f o u r  h o u r s .
T L C , u s in g  d ic h lo r o m e th a n e  a s  e lu e n t ,  in d ic a t e d  th e  f o r m a t io n  o f  a  l e s s  p o la r  p ro d u c t , 
a l t h o u g h  a  p e a k  s im i l a r  to  th e  s t a r t in g  m a t e r i a l  w a s  s t i l l  th e  d o m in a n t  s p o t . T h e  m ix t u r e  
w a s  d i s s o lv e d  in  d ic h lo r o m e t h a n e  ( 5 0  c m 3)  a n d  e x t r a c t e d  w i t h  a  I M  a q u e o u s  s o lu t io n  o f  
s o d iu m  h y d r o x id e  (3  x  5 0  c m 3) .  T h e  c o m b in e d  a lk a l i n e  e x t r a c t s  w e r e  r e - a c id i f i e d  w i t h  
I M  h y d r o c h lo r ic  a c id  a n d  e x t r a c t e d  w i t h  d ic h lo r o m e th a n e  (3  x  5 0  c m 3) .  T h e  o r g a n ic  
p h a s e s  w e r e  w a s h e d  w i t h  s a t u r a t e d  b r in e  (2  x  7 5  c m 3)  a n d  d r ie d  o v e r  m a g n e s iu m  s u lp h a te . 
T h e  s o lu t io n  w a s  f i l t e r e d  a n d  th e  s o lv e n t s  r e m o v e d  b y  r o t a r y  e v a p o r a t io n ;  a  d e e p  g r e e n  o i l  
w a s  o b t a in e d .
Analysis: TLC (Eluent: Dichloromethane) -  Two spots (Phenol, and a less polar compound) 
'H NMR of crude product -  Incompatible, para-disubstituted system, but no siloxane function
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S y n th e s is  2
P h e n o l ( 0 -8 7  g ,  9 -3 1  m m o l)  w a s  d i s s o lv e d  in  n i t r o b e n z e n e  (2 5  c m 3)  in  a  5 0  c m 3 ro u n d -  
b o t to m e d  f l a s k  e q u ip p e d  w i t h  a  r e f lu x  c o n d e n s e r . 1 , 3 - D ic h lo r o - l ,  1 ,3 , 3 - 
t e t r a m e th y ld i s i lo x a n e  (1  g ,  0 -9 6  c m 3, 4 -9  m m o l)  w a s  s lo w ly  in je c t e d .  A  d r y in g  tu b e  f i l l e d  
w i t h  c a l c iu m  c h lo r id e  w a s  a d d e d  to  th e  to p  o f  th e  c o n d e n s e r  a n d  th e  m ix t u r e  w a s  s t ir r e d  
m a g n e t i c a l l y  f o r  t w e n t y - f o u r  h o u r s . T L C , u s in g  d ic h lo r o m e t h a n e  a s  e lu e n t ,  in d ic a t e d  th e  
f o rm a t io n  o f  a  le s s  p o la r  p r o d u c t , a l t h o u g h  a  p e a k  s im i l a r  to  th e  s t a r t in g  m a t e r i a l  w a s  s t i l l  
th e  d o m in a n t  sp o t .
T h e  m ix t u r e  w a s  d is s o lv e d  in  d ic h lo r o m e t h a n e  ( 5 0  c m 3)  a n d  e x t r a c t e d  w i t h  a  I M  a q u e o u s  
s o lu t io n  o f  s o d iu m  h y d r o x id e  (3  x  5 0  c m 3) .  T h e  c o m b in e d  a l k a l i n e  e x t r a c t s  w e r e  r e ­
a c id i f i e d  w i t h  c o n c e n t r a t e d  h y d r o c h lo r ic  a c id  a n d  e x t r a c t e d  w i t h  d ic h lo r o m e th a n e  
(3  x  5 0  c m 3) .
T h e  o r g a n ic  p h a s e s  w e r e  w a s h e d  w i t h  s a t u r a t e d  b r in e  ( 2  x  7 5  c m 3)  a n d  d r ie d  o v e r  
m a g n e s iu m  s u lp h a te .  T h e  s o lu t io n  w a s  f i l t e r e d  a n d  th e  s o lv e n t s  r e m o v e d  b y  r o t a r y  
e v a p o r a t io n ; a  d e e p  g r e e n  o i l  w a s  o b t a in e d .
Analysis:1H NMR -  Results similar to previous attempt
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3 .2 . 3 .3 )  E le v a t e d  t e m p e r a t u r e  r e a c t i o n
S y n th e s is  1
P h e n o l ( 0 -8 7  g ,  9 -3 1  m m o l)  a n d  a lu m in iu m ( i i i )  c h lo r id e  ( 1 -2 4  g ,  9 -3 1  m m o l)  w e r e
q q
d is s o lv e d  in  n i t r o b e n z e n e  ( 2 5  c m  )  in  a  5 0  c m  r o u n d - b o t to m e d  f l a s k  e q u ip p e d  w i t h  a  
r e f lu x  c o n d e n s e r .  l , 3 - D i c h l o r o - l , l ,3 ,3 - t e t r a m e th y ld i s i lo x a n e  (1  g ,  0* 9 6  c m 3, 4 -9  m m o l)  
w a s  s lo w ly  in je c t e d .  A  d r y in g  tu b e  f i l l e d  w i t h  c a l c iu m  c h lo r id e  w a s  a d d e d  to  th e  to p  o f  
th e  c o n d e n s e r  a n d  th e  m ix t u r e  w a s  h e a t e d  to  8 0  ° C  a n d  m a in t a in e d  a t  t h a t  t e m p e r a tu r e  fo r  
t w e n t y - f o u r  h o u r s .
A f t e r  c o o l in g ,  th e  d e e p  b l a c k  l i q u id  o b t a in e d  w a s  d i s s o lv e d  in  d ic h lo r o m e th a n e  (5 0  c m 3) 
a n d  e x t r a c t e d  w i t h  a  I M  a q u e o u s  s o lu t io n  o f  s o d iu m  h y d r o x id e  (3  x  5 0  c m 3) . T h e  
c o m b in e d  a lk a l i n e  e x t r a c t s  w e r e  r e - a c id i f i e d  w i t h  I M  h y d r o c h lo r ic  a c id  a n d  e x t r a c t e d  w i t h  
d ic h lo r o m e t h a n e  (3  x  5 0  c m  ) .  T h e  o r g a n ic  p h a s e s  w e r e  w a s h e d  w i t h  s a t u r a t e d  b r in e  
(2  x  7 5  c m 3)  a n d  d r ie d  o v e r  m a g n e s iu m  s u lp h a te .  T h e  s o lu t io n  w a s  f i l t e r e d  a n d  th e  
s o lv e n t s  r e m o v e d  b y  r o t a r y  e v a p o r a t io n .
A  v e r y  d e e p  r e d  o i l  w a s  o b t a in e d , w h ic h  w a s  a lm o s t  b l a c k  in  c o lo u r  o n c e  a l l  t r a c e s  o f  
s o lv e n t s  h a d  b e e n  r e m o v e d .
Product: 0-61g; Very deep red oil 
Analysis:1H NMR -  Incompatible, no siloxane incorporation
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S y n th e s is  2
P h e n o l ( 0 -8 7  g ,  9 -3 1  m m o l)  w a s  d i s s o lv e d  in  n i t r o b e n z e n e  ( 2 5  c m 3)  in  a  5 0  c m 3 r o u n d -  
b o t to m e d  f l a s k  e q u ip p e d  w i t h  a  r e f lu x  c o n d e n s e r . l , 3 - D i c h l o r o - l , l , 3 , 3 - 
t e t r a m e th y ld i s i lo x a n e  (1  g ,  0 -9 6  c m 3, 4 -9  m m o l)  w a s  s lo w ly  in je c t e d .  A  d r y in g  tu b e  f i l l e d  
w i t h  c a l c iu m  c h lo r id e  w a s  a d d e d  to  t h e  to p  o f  th e  c o n d e n s e r  a n d  th e  m ix t u r e  w a s  h e a te d  to  
8 0  ° C  a n d  m a in t a in e d  a t  t h a t  t e m p e r a tu r e  fo r  t w e n t y - f o u r  h o u rs .
A f t e r  c o o l in g ,  th e  l iq u id  w a s  d i s s o lv e d  in  d ic h lo r o m e th a n e  ( 5 0  c m 3)  a n d  e x t r a c te d  w i t h  
I M  a q u e o u s  s o d iu m  h y d r o x id e  (3  x  5 0  c m 3) .  T h e  c o m b in e d  a l k a l i n e  e x t r a c t s  w e r e  r e ­
a c id i f i e d  w i t h  I M  h y d r o c h lo r ic  a c id  a n d  e x t r a c t e d  w i t h  d ic h lo r o m e th a n e  (3  x  5 0  c m 3) . 
T h e  o r g a n ic  p h a s e s  w e r e  w a s h e d  w i t h  s a t u r a t e d  b r in e  ( 2  x  7 5  c m 3)  a n d  d r ie d  o v e r  
m a g n e s iu m  s u lp h a te .  T h e  s o lu t io n  w a s  f i l t e r e d  a n d  th e  s o lv e n t s  r e m o v e d  b y  r o t a r y  
e v a p o r a t io n .
Product: 0'54g; Deep green oil 
Analysis:1H NMR -  Incompatible, no siloxane incorporation
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3 .2 .3 .4 )  R e d u c e d  t e m p e r a t u r e  r e a c t io n s
S y n th e s is  1
P h e n o l ( 0 -8 7  g ,  9 -3 1  m m o l)  a n d  a lu m in iu m ( l l l )  c h lo r id e  ( 1 -2 4  g ,  9 -3 1  m m o l)  w e r e  
d i s s o lv e d  in  n i t r o b e n z e n e  ( 2 5  c m 3)  in  a  5 0  c m 3 r o u n d - b o t to m e d  f l a s k  e q u ip p e d  w i t h  a  
r e f lu x  c o n d e n s e r .  T h e  s o lu t io n  w a s  c o o le d  to  - 2 0  ° C  w i t h  a  m e th a n o l/ ic e  b a th . 1 , 3 - 
D i c h lo r o - l , l , 3 , 3 - t e t r a m e th y ld i s i lo x a n e  (1  g ,  0 -9 6  c m 3, 4 -9  m m o l)  w a s  s l o w l y  in je c t e d .  A  
d r y in g  tu b e  f i l l e d  w i t h  c a l c iu m  c h lo r id e  w a s  a d d e d  to  th e  to p  o f  th e  c o n d e n s e r  a n d  th e  
m ix t u r e  w a s  a l lo w e d  to  r e tu r n  to  r o o m  t e m p e r a tu r e  o v e r  a  p e r io d  o f  t w o  h o u r s ,  p r io r  to  
b e in g  h e a t e d  to  8 0  ° C . T h e  s o lu t io n  w a s  m a in t a in e d  a t  th a t  t e m p e r a tu r e  fo r  t w e n t y - f o u r  
h o u r s .
A f t e r  c o o l in g ,  th e  d e e p  b l a c k  s u s p e n s io n  o b t a in e d  w a s  d i lu t e d  w i t h  d ic h lo r o m e th a n e  
( 5 0  c m 3)  a n d  f i l t e r e d  th r o u g h  H y f lo  S u p e r c e l  u n d e r  v a c u u m . A  d e e p  b l a c k  s o lu t io n  w a s  
o b t a in e d . T h is  w a s  e x t r a c t e d  w i t h  I M  s o d iu m  h y d r o x id e  (3  x  5 0  c m 3) .  T h e  c o m b in e d  
b lu e - g r e y  a lk a l i n e  e x t r a c t s  w e r e  r e - a c id i f i e d  w i t h  I M  h y d r o c h lo r ic  a c id ,  w h ic h  tu r n e d  th e  
s o lu t io n  d e e p  r e d ,  a n d  e x t r a c t e d  w i t h  d ic h lo r o m e t h a n e  (3  x  5 0  c m 3) .  T h e  o r g a n ic  p h a s e s  
w e r e  w a s h e d  w i t h  s a t u r a t e d  b r in e  ( 2  x  7 5  c m 3)  a n d  d r ie d  o v e r  m a g n e s iu m  s u lp h a te .  T h e  
s o lu t io n  w a s  f i l t e r e d  a n d  th e  s o lv e n t s  r e m o v e d  b y  r o t a r y  e v a p o r a t io n .
Product: 0-57 g; Red/black oil 
Analysis : ‘H NMR -  Incompatible, aromatic and aliphatic signals, no siloxane incorporation
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S y n th e s is  2
P h e n o l ( 0 -8 7  g ,  9 -3 1  m m o l)  w a s  d i s s o lv e d  in  n i t r o b e n z e n e  ( 2 5  c m 3)  in  a  5 0  c m 3 r o u n d -  
b o t to m e d  f l a s k  e q u ip p e d  w i t h  a  r e f lu x  c o n d e n s e r .  T h e  s o lu t io n  w a s  c o o le d  to  - 2 0  ° C  w i t h  
a  m e th a n o l/ ic e  b a th . 1 , 3 - D ic h lo r o - 1 , 1 , 3 ,3 - t e t r a m e t h y ld is i lo x a n e  (1  g ,  0 -9 6  c m 3, 4 -9  m m o l)  
w a s  s l o w l y  in je c t e d .  A  d r y in g  tu b e  f i l l e d  w i t h  c a lc iu m  c h lo r id e  w a s  a d d e d  to  th e  to p  o f  
th e  c o n d e n s e r  a n d  th e  m ix t u r e  w a s  a l lo w e d  to  r e tu r n  to  r o o m  t e m p e r a tu r e  o v e r  a  p e r io d  o f  
tw o  h o u r s ,  p r io r  to  b e in g  h e a t e d  to  8 0  ° C . T h e  s o lu t io n  w a s  m a in t a in e d  a t  t h a t  t e m p e r a tu r e  
fo r  tw e n ty - f o u i ' h o u r s .
A f t e r  c o o l in g ,  th e  g r e e n  s o lu t io n  o b t a in e d  w a s  e x t r a c t e d  w i t h  I M  s o d iu m  h y d r o x id e  
(3  x  5 0  c m 3) .  T h e  c o m b in e d  b lu e - g r e y  a l k a l i n e  e x t r a c t s  w e r e  r e - a c id i f i e d  w i t h  I M  
h y d r o c h lo r ic  a c id  a n d  e x t r a c t e d  w i t h  d ic h lo r o m e th a n e  (3  x  5 0  c m 3) .  T h e  o r g a n ic  p h a s e s  
w e r e  w a s h e d  w i t h  s a t u r a t e d  b r in e  (2  x  7 5  c m 3)  a n d  d r ie d  o v e r  m a g n e s iu m  s u lp h a te .  T h e  
s o lu t io n  w a s  f i l t e r e d  a n d  th e  s o lv e n t s  r e m o v e d  b y  r o t a r y  e v a p o r a t io n . A  g r e e n  o i l  w a s  
o b t a in e d .
Product: 0-56 g; Green oil 
Analysis : 1HNMR -  Incompatible, no siloxane incorporation
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3.3) P h o s p h a z e n e  syntheses
T h is  s e c t io n  d e s c r ib e s  a l l  o f  th e  e x p e r im e n t a l  w o r k  p e r f o r m e d  t o w a r d s  th e  s y n t h e s is  o f  th e  
t a r g e t  p h o s p h a z e n e - c o n t a in in g  c y a n a t e  e s t e r ,  l , 3 - 6 A ( 4 - c y a n a t o p h e n o x y ) - l ,  3 ,5 , 5 -  
t e t r a p h e n o x y c y c lo t r ip h o s p h a z e n e .
3 .3 .1 )  P o l y m e r i s a t i o n  b l o c k in g  s t e p
T h is  s e c t io n  d e s c r ib e s  th e  p r o t e c t io n  o f  h e x a c h lo r o c y c lo t r ip h o s p h a z e n e  w i t h  f o u r  p h e n o x y  
g r o u p s .
3 .3 . 1 . 1 )  S y n t h e s i s  o f  l , 3 - d i c h l o r o - l , 3 ,5 , 5 - t e t r a p h e n o x y c y c lo t r i p h o s p h a z e n e
G la s s w a r e  fo r  t h is  r e a c t io n  w a s  n o t  p r e - d r ie d .  P h e n o l  ( 5 -4 1  g ,  5 7 -5  m m o l)  a n d  s o d iu m  
h y d r o x id e  (4 - 6 0  g ,  1 1 5  m m o l)  w e r e  d i s s o lv e d  in  w a t e r  ( 2 9  c m 3).
H e x a c h lo r o c y c lo t r ip h o s p h a z e n e  ( o r  p h o s p h o n i t r i l i c  c h lo r id e  t r im e r )  ( 5 -0  g ,  1 4 -3  m m o l)  
a n d  t r ib u t y lh e x a d e c y lp h o s p h o n iu m  b r o m id e  ( 0 -7 3  g ,  1 -4 3  m m o l)  w e r e  d i s s o lv e d  in  
d ic h lo r o m e t h a n e  (4 3  c m 3)  in  a  t h r e e - n e c k e d  r o u n d  b o t to m e d  f l a s k .  W h i l s t  s t ir r in g  
v ig o r o u s ly ,  th e  a q u e o u s  s o lu t io n  w a s  a d d e d  d r o p w is e  to  th e  o r g a n ic  s o lu t io n .  T h e  m ix t u r e  
w a s  a l lo w e d  to  s t i r  f o r  a  f u r th e r  f o r t y  m in u t e s .
M.A, Pullinger Synthesis and Characterisation of Novel Polymeric Materials for High Temperature Composite Applications
T h e  o r g a n ic  l a y e r  w a s  s e p a r a t e d ,  w a s h e d  w i t h  w a t e r  ( 2  x  5 0  c m 3)  a n d  d r ie d  o v e r  
m a g n e s iu m  s u lp h a te .  T h e  s o lv e n t s  w e r e  e v a p o r a t e d  to  l e a v e  a  v e r y  v i s c o u s  c o lo u r le s s  o i l .  
T h r e e  s p o ts  w e r e  v i s ib l e  u n d e r  a  U V  la m p  a t  2 5 4  n m  o n  a  T L C  p la t e  ( e lu e n t :  1 :1  
d ic h lo r o m e th a n e / h e p ta n e ) .
T h e  o i l  w a s  d i s s o lv e d  in  th e  m in im u m  q u a n t i t y  o f  c h lo r o f o r m  a n d  a d d e d  to  a  s lu r r y - p a c k e d  
c o lu m n  o f  s i l i c a .  T h e  p r o d u c t  w a s  e lu t e d  w i t h  a  3 :2  m ix t u r e  o f  h e p t a n e  a n d  c h lo r o fo r m . 
T h e  f r a c t io n s  c o n t a in in g  o n ly  th e  s e c o n d  p ro d u c t  to  b e  e lu t e d  w e r e  c o l l e c t e d  a n d  u n ite d , 
a n d  th e  s o lv e n t s  w e r e  e v a p o r a te d .
Product: 5-32g; Yield: 64-3%; Viscous colourless oil 
Analysis: Elemental analysis for carbon, hydrogen and nitrogen, calculated forC2 4H2 oCl2Ni 0 4P 3 -
Compatible, results shown below:
C H N
E x p e c t e d  % 4 9 -8 5 % 3 -4 9 % 7 -2 7
F o u n d  %  ( 1 ) 4 9 -3 5 % 3 -3 1 % 7 -1 4 %
F o u n d  %  ( 2 ) 4 9 -2 6 % 3 -2 9 % 7 -0 1 %
M e a n  % 4 9 -3 1 % 3 -3 0 % 7 -0 8 %
Table 3.8: Elemental analysis of 1,3-dichloro-J,3,5,5-tetraphenoxycyclotriphosphazene
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3 .3 . 1 .2 )  S c a l e d - u p  s y n t h e s e s  o f  l , 3 - d i c h l o r o - l , 3 , 5 , 5 - t e t r a p h e n o x y c y c lo t r i p h o s p h a z e n e
A tte m p t 1
P h e n o l ( 1 0 -8 2  g ,  1 1 5  m m o l)  a n d  s o d iu m  h y d r o x id e  ( 9 -2  g ,  2 3 0  m m o l)  w e r e  d is s o lv e d  in  
w a t e r  ( 5 8  c m 3) .  H e x a c h lo r o c y c lo t r ip h o s p h a z e n e  ( 1 0 -0  g ,  2 8 - 6  m m o l)  a n d
t r ib u t y lh e x a d e c y lp h o s p h o n iu m  b r o m id e  ( 1 -4 6  g ,  2 -8 6  m m o l)  w e r e  d is s o lv e d  in  
d ic h lo r o m e th a n e  ( 8 6  c m 3)  in  a  t h r e e - n e c k e d  r o u n d - b o t to m e d  f l a s k .  W h i l s t  s t ir r in g  
v ig o r o u s ly ,  th e  a q u e o u s  s o lu t io n  w a s  a d d e d  d r o p w is e  to  th e  o r g a n ic  s o lu t io n .  T h e  m ix t u r e  
w a s  a l lo w e d  to  s t i r  f o r  a  f u r th e r  f o r t y  m in u te s .
T h e  o r g a n ic  l a y e r  w a s  s e p a r a t e d ,  w a s h e d  w i t h  w a t e r  (2  x  1 0 0  c m 3)  a n d  d r ie d  o v e r  
m a g n e s iu m  s u lp h a te .  T h e  s o lv e n t s  w e r e  e v a p o r a t e d  to  l e a v e  a  v e r y  v i s c o u s  c o lo u r le s s  o i l .  
T h r e e  s p o t s  w e r e  v i s ib l e  u n d e r  a  U V  la m p  a t  2 5 4  n m  o n  a  T L C  p la t e  ( e lu e n t :  
1:1  d ic h lo r o m e th a n e / h e p ta n e ) .
T h e  o i l  w a s  d i s s o lv e d  in  c h lo r o f o r m  a n d  p r e - a d s o r b e d  o n to  s i l i c a .  T h is  w a s  th e n  a d d e d  to  
a  s lu r r y - p a c k e d  c o lu m n  o f  s i l i c a .  T h e  p r o d u c t  w a s  e lu t e d  w i t h  a  3 :2  m ix t u r e  o f  h e p ta n e  
a n d  c h lo r o fo r m . T h e  f r a c t io n s  c o n t a in in g  o n ly  th e  s e c o n d  p r o d u c t  to  b e  e lu t e d  w e r e  
c o l l e c t e d  a n d  u n it e d ,  a n d  th e  s o lv e n t s  w e r e  e v a p o r a te d .
Product: 12-39g; Yield: 74-8%; Viscous colourless oil
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A tte m p t 2
H e x a c h lo r o c y c lo t r ip h o s p h a z e n e  ( 2 5 -0  g ,  7 1 -5  m m o l)  a n d  t r ib u t y lh e x a d e c y lp h o s p h o n iu m  
b r o m id e  ( 3 -6 5  g ,  7 -1 5  m m o l)  w e r e  d i s s o lv e d  in  d ic h lo r o m e th a n e  ( 2 1 5  c m 3)  in  a  c o n ic a l  
f l a s k .  P h e n o l  ( 2 7 * 0 5  g ,  2 8 7 * 3  m m o l)  a n d  s o d iu m  h y d r o x id e  ( 2 3 * 0  g ,  2 8 7 * 3  m m o l)  w e r e  
d i s s o lv e d  in  w a t e r  ( 1 4 5  c m 3) .  T h e  o r g a n ic  s o lu t io n  w a s  v ig o r o u s l y  s t ir r e d  a s  th e  a q u e o u s  
s o lu t io n  w a s  s lo w ly  a d d e d . A f t e r  c o m p le t e  a d d it io n ,  v ig o r o u s  s t i r r in g  w a s  m a in t a in e d  fo r  
o n e  h o u r . T h e  o r g a n ic  s o lu t io n  w a s  s e p a r a t e d  a n d  w a s h e d  w i t h  a  I M  a q u e o u s  s o lu t io n  o f  
s o d iu m  h y d r o x id e  (2  x  1 0 0  c m 3)  a n d  s a t u r a t e d  b r in e  ( 2  x  7 5  c m 3) .  T h e  s o lu t io n  w a s  d r ie d  
o v e r  m a g n e s iu m  s u lp h a te ,  f i l t e r e d  a n d  e v a p o r a t e d  to  d r y n e s s  u n d e r  r e d u c e d  p r e s s u r e .  A  
c l e a r  o i l  w a s  o b t a in e d , w h ic h  c o u ld  b e  s o l id i f i e d  in  a  f r e e z e r .
P u r i f ic a t io n  w a s  e f f e c t e d  u s in g  th e  s a m e  m e th o d  a s  fo r  th e  f i r s t  a t te m p t .
Product: 21-00g; Yield: 50-9%; Viscous colourless oil 
Analysis: Elemental analysis for C, H and N, calculated for C2 4H2 0CI2N3 O4P3 -  Compatible, results in table
on following page:
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C H N
E x p e c t e d  % 4 9 -8 5 % 3 -4 9 % 1 -21%
F o u n d  %  ( 1 ) 4 9 -5 1 % 3 -2 8 % 7 -2 5 %
F o u n d  %  ( 2 ) 4 9 -6 3 % 3 -2 4 % 7 -2 1 %
M e a n  % 4 9 -5 7 % 3 -2 6 % 7 -2 3 %
Table 3.9: Elemental analysis of 1,3-dichloro-l,3,5,5-tetraphenoxycyclotriphosphazene
3 .3 .2 )  R e a c t i o n  w i t h  4 - m e t h o x y p h e n o l
3 .3 .2 . 1 )  S y n t h e s i s  o f  l , 3 - 6 /s(4 - m e t h o x y p h e n o x y ) - l ,  3 , 5 , 5 -
t e t r a p h e n o x y c y c lo t r ip h o s p h a z e n e
1 ,3 - D ic h lo r o - 1 ,3 , 5 , 5 - t e t r a p h e n o x y c y c lo t r ip h o s p h a z e n e  ( 2 -0  g ,  3 -5  m m o l) ,
4 - m e th o x y p h e n o l  ( 0 -9 4  g ,  7 -6  m m o l)  a n d  p o t a s s iu m  c a r b o n a te  ( 2 - 7 0  g ,  17*3  m m o l)  w e r e  
d i s s o lv e d  in  A / A - d im e th y la c e t a m id e ,  D M A c  ( 1 5  c m 3)  a n d  p la c e d  in  a  t h r e e - n e c k e d  f l a s k  
f i t t e d  w i t h  a  r e f lu x  c o n d e n s e r  a n d  a  n i t r o g e n  in le t .  T h e  s o lu t io n  w a s  p la c e d  u n d e r  
n i t r o g e n , h e a t e d  to  r e f lu x  a n d  le f t  to  s t ir  fo r  t w e n t y - f o u r  h o u r s . A f t e r  c o o l in g ,  
d ic h lo r o m e t h a n e  ( 2 5  c m 3)  w a s  a d d e d . T h e  s o lu t io n  w a s  w a s h e d  w i t h  a  I M  a q u e o u s  
s o lu t io n  o f  s o d iu m  h y d r o x id e  ( 2  x  2 5  c m 3)  a n d  b r in e  (2  x  2 5  c m 3) .  T h e  s o lu t io n  w a s  th e n  
d r ie d  o v e r  m a g n e s iu m  s u lp h a t e  a n d  th e  s o lv e n t s  r e m o v e d  b y  r o t a r y  e v a p o r a t io n .
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T h r e e  s p o ts  w e r e  v i s ib l e  o n  a  T L C  p la t e  u n d e r  U V  l i g h t  a t  2 5 4  n m , a f t e r  e lu t io n  w i t h  
d ic h lo r o m e th a n e .
Crude product: 1-69 g; Yield*: 64%; Viscous colourless oil
3 .3 .2 .2 )  P u r i f i c a t i o n  o f  l , 3 -#/s(4 - m e t h o x y p h e n o x y ) - l ,  3 , 5 , 5 -
t e t r a p h e n o x y c y c lo t r ip h o s p h a z e n e
E le m e n ta l  a n a l y s i s  r e s u l t s  a p p e a r e d  to  in d ic a t e  th e  p r e s e n c e  o f  th e  t a r g e t  c o m p o u n d , b u t  
th r e e  s p o t s  w e r e  v i s ib l e  u n d e r  a  U V  la m p  o n  a  T L C  p la t e  ( e lu e n t :  1:1
d ic h lo r o m e th a n e / h e p ta n e ) . T h e  e le m e n t a l  a n a l y s i s  r e s u l t s  d id  n o t  c o r r e la t e  e x a c t l y  w i t h  
th e  t a r g e t  c o m p o u n d , w h ic h  s u g g e s t e d  th e  p r e s e n c e  o f  im p u r i t ie s .  H o w e v e r ,  th e s e  
im p u r i t ie s  m a y  s im p ly  b e  p o s i t io n a l  i s o m e r s  o f  th e  t a r g e t  m o le c u le .
T h e  c r u d e  p r o d u c t  w a s  d i s s o lv e d  in  d ic h lo r o m e t h a n e  a n d  p r e - a d s o r b e d  o n to  s i l i c a .  T h is  
w a s  th e n  a d d e d  to  a  s lu r r y - p a c k e d  c o lu m n  o f  s i l i c a  a n d  e lu t e d  w i t h  a  7 :3  m ix t u r e  o f  
d ic h lo r o m e t h a n e  a n d  h e p t a n e .  T h e  f r a c t io n s  c o n t a in in g  th e  f i r s t  a n d  s e c o n d  p ro d u c t s  to  
e lu t e  w e r e  c o l l e c t e d  a n d  u n it e d ,  a n d  th e  s o lv e n t s  w e r e  e v a p o r a te d . N o  m ix e d  f r a c t io n s  
w e r e  o b ta in e d .
+ Crude yield based on expected product
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T h e  f r a c t io n s  c o n t a in in g  th e  f i r s t  p r o d u c t  w e r e  a n a ly s e d .
Product 1:1-39 g; Purification yield: 82-2%; Overall yield: 52-7%; Viscous colourless oil 
Analysis: ‘H and13C NMR, C,H,NElemental analysis (Calculated for C38H43N3 0 8P3) -  Results shown in
following tables:
P e a k  S h i f t  
( p .p .m . )
N a t u r e I n t e g r a l A s s i g n m e n t
3 -7 0 S in g le t 3 - o c h 3
6 -6 4 C o m p le x
m u lt ip le t
1 4 7 A r o m a t ic
p ro to n s
6 -8 2 C o m p le x
m u lt ip le t
S e e  6 -6 4 A r o m a t ic
p ro to n s
6 -9 4 C o m p le x
m u l t ip le t
S e e  6-64 A r o m a t ic
p ro to n s
7 -1 6 C o m p le x
m u l t ip le t
S e e  6 -6 4 A r o m a t ic
p ro to n s
7 -2 0 S in g le t N /A U n d e u t e r a t e d
c h lo r o f o r m
Table 3.10: 'H NMR data for l,3-bis(4-methoxyphenoxy)-l,3,5,5-tetraphenoxycyclotriphosphazene
f T o t a l  in t e g r a l  f o r  c o m p le x  m u l t ip le t s
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P e a k  S h i f t  ( p .p .m . ) A s s i g n m e n t
5 6 - o c h 3
7 7  ( T r ip le t ) U n d e u t e r a t e d  c h lo r o f o r m
1 1 4 C a r b o n  o r th o -  to  M e O -
12 1 C a r b o n  o r th o -  to  -O H
1 2 2 C a r b o n  p a r a -  to  M e O -
1 2 5 C a r b o n  p a r a -  to  -O H
1 3 0 C a r b o n  m e ta -  to  M e O -
1 4 4 C a r b o n  m e ta -  to  -O H
151 H O -C
1 5 7 M e O - C
Table 3.11:13C NMR data for l,3-bis(4-methoxyphenoxy)-l,3,5,5-tetraphenoxycyclotriphosphazene
C H N
E x p e c t e d  % 6 0 -5 6 % 4 -5 5 % 5 -5 8 %
F o u n d  %  ( 1 ) 6 0 -9 7 % 4 -6 9 % 6 -0 2 %
F o u n d  %  ( 2 ) 6 1 -1 8 % 4 -6 9 % 6 -2 7 %
M e a n  % 6 1 -0 8 % 4 -6 9 % 6 -1 5 %
Table 3.12: Elemental analysis results for 1,3-bis(4-methoxyphenoxy)-l, 3,5,5- 
tetraphenoxycyclotriphosphazene
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3 .3 . 2 .3 )  S c a l e d - u p  s y n t h e s i s  o f  l , 3 - 6 /s(4 - m e t h o x y p h e n o x y ) - l ,  3 , 5 , 5 -
t e t r a p h e n o x y c y c lo t r ip h o s p h a z e n e
4 -M e th o x y p h e n o l  ( 6 -3 7  g ,  5 1 -5  m m o l) ,  p o t a s s iu m  c a r b o n a te  ( 1 8 -3 1  g ,  1 1 7 -2  m m o l) ,  1 , 3 - 
d i c h lo r o - l ,3 , 5 , 5 - t e t r a p h e n o x y c y c lo t r ip h o s p h a z e n e  ( 1 3*56  g ,  2 3 - 4  m m o l)  a n d  D M A c  
( 1 0 0  c m 3)  w e r e  a d d e d  to  a  r o u n d - b o t to m e d  f l a s k  f i t t e d  w i t h  a  c o n d e n s e r  a t t a c h e d  to  a  
c a lc iu m  c h lo r id e - f i l l e d  d r y in g  tu b e . T h e  c o lo u r le s s  s u s p e n s io n  o b t a in e d  w a s  h e a te d  to  
r e f lu x ,  a n d  m a in t a in e d  a t  1 5 0  ° C  o v e r n ig h t .  T h e  r e a c t io n  m ix t u r e  w a s  c o o le d  a n d  d i lu t e d  
w i t h  d ic h lo r o m e t h a n e  ( 7 5  c m 3) .
T h e  s o lu t io n  w a s  w a s h e d  w i t h  a  I M  a q u e o u s  s o lu t io n  o f  s o d iu m  h y d r o x id e  (3  x  5 0  c m 3) 
a n d  s a t u r a t e d  b r in e  ( 2  x  7 5  c m 3) .  T h e  o r g a n ic  s o lu t io n  w a s  d r ie d  o v e r  m a g n e s iu m  
s u lp h a t e ,  f i l t e r e d ,  a n d  e v a p o r a t e d  to  d r y n e s s  u n d e r  r e d u c e d  p r e s s u r e .
P u r i f ic a t io n  w a s  e f f e c t e d  a s  d e s c r ib e d  in  S e c t io n  3 .3 .2 .2 .
Product: 10-61 g; Overall yield: 60-2%: Viscous colourless oil 
Analysis: 1H and13C NMR -  Results similar to previous experiment
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3 .3 .3 )  C le a v a g e  o f  t h e  m e t h y l  g r o u p
3 .3 . 3 . 1 )  A t t e m p t e d  s y n t h e s i s  o f  l , 3 -Z «s(4 - h y d r o x y p h e n o x y ) - l , 3 , 5 , 5 ~ 
t e t r a p h e n o x y c y c lo t r ip h o s p h a z e n e
1 ,3 -A A (4 - m e t h o x y p h e n o x y ) - 1 , 3 , 5 , 5 - t e t r a p h e n o x y c y c lo t r ip h o s p h a z e n e  ( 2 -0  g ,  3 -5  m m o l) ,  
w a s  p la c e d  in  a  r o u n d - b o t to m e d  f l a s k ,  f i t t e d  w i t h  a  r e f lu x  c o n d e n s e r  a n d  a  d r y in g  tu b e  
f i l l e d  w i t h  a n h y d r o u s  c a lc iu m  c h lo r id e  a n d  d i s s o lv e d  in  a  5 :1  m ix t u r e  o f  h y d r io d ic  a c id  
a n d  a c e t i c  a c id  ( 3 0  c m 3) .  T h e  d e e p  b l a c k  s o lu t io n  w a s  h e a t e d  to  b o i l i n g  a t  1 3 0  ° C  a n d  
m a in t a in e d  a t  r e f lu x  f o r  t w e n t y - f o u r  h o u r s . A f t e r  c o o l in g ,  c h lo r o f o r m  ( 3 0  c m 3)  a n d  tw o  
s p a t u la e  o f  d e c o lo r i s in g  c h a r c o a l  w e r e  a d d e d  a n d  th e  m ix t u r e  w a s  h e a t e d  to  r e f lu x  fo r  tw o  
h o u r s . A f t e r  c o o l in g ,  th e  s o lu t io n  w a s  f i l t e r e d  th r o u g h  H y f lo  S u p e r c e l .  A  r e d  s o lu t io n  w a s  
o b t a in e d . T h is  w a s  w a s h e d  w i t h  a  I M  s o lu t io n  o f  s o d iu m  t h io s u lp h a t e  (2  x  3 0  c m 3) ,  
w h ic h  r e m o v e d  th e  r e s id u a l  f r e e  io d in e  f r o m  th e  s y s t e m  a n d  y i e ld e d  a  c o lo u r le s s  s o lu t io n .
T h e  s o lu t io n  w a s  e x t r a c t e d  w i t h  a  I M  a q u e o u s  s o lu t io n  o f  s o d iu m  h y d r o x id e  ( 3 x 3 0  c m 3). 
T h e  c o m b in e d  e x t r a c t s  w e r e  r e - a c id i f i e d  w i t h  I M  h y d r o c h lo r ic  a c id  a n d  e x t r a c t e d  w i t h  
d ic h lo r o m e t h a n e  (3  x  3 0  c m 3) . T h e  o r g a n ic  e x t r a c t s  w e r e  d r ie d  o v e r  m a g n e s iu m  s u lp h a te ,  
f i l t e r e d ,  a n d  th e  s o lv e n t s  r e m o v e d  b y  r o t a r y  e v a p o r a t io n .
Product: Trace quantity, pale beige solid 
Analysis: 31P NMR -  Incompatible, no phosphorus signal
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3 .3 .3 .2 )  S y n t h e s i s  o f  1 ,3 - 6 w ( 4 - h y d r o x y p h e n o x y ) - l , 3 , 5 , 5 -
t e t r a p h e n o x y c y c lo t r ip h o s p h a z e n e
1 ,3 -5 zx(4 - m e t h o x y p h e n o x y ) - 1 ,3 ,5 , 5 - t e t r a p h e n o x y c y c lo t r ip h o s p h a z e n e  ( 1-0  g ,  1-4  m m o l)  
a n d  d ic h lo r o m e th a n e  ( 1 0  c m 3)  w e r e  a d d e d  to  a  th r e e - n e c k e d  r o u n d - b o t to m e d  f l a s k  f i t t e d  
w i t h  a  r e f lu x  c o n d e n s e r ,  n i t r o g e n  in le t ,  s e p tu m  a n d  n i t r o g e n  o u t le t .  T h e  v e s s e l  w a s  p u r g e d  
w i t h  n i t r o g e n  a n d  c o o le d  to  -7 8  ° C . A  I M  s o lu t io n  o f  b o r o n  t r ib r o m id e  in  
d ic h lo r o m e th a n e  ( 2 -7  c m  , 2 -7  m m o l)  w a s  s l o w l y  in je c t e d  v ia  a  g l a s s  s y r in g e .  T h e  r e a c t io n  
w a s  a l lo w e d  to  r e tu r n  to  r o o m  t e m p e r a tu r e  o v e r  th e  c o u r s e  o f  tw o  h o u r s ;  i t  w a s  th e n  h e a te d  
to  r e f lu x  a n d  m a in t a in e d  a t  th is  t e m p e r a tu r e  o v e r n ig h t .
T h e  r e a c t io n  w a s  a l lo w e d  to  c o o l  to  r o o m  te m p e r a tu r e .  F r e s h  d ic h lo r o m e th a n e  ( 1 0  c m 3) 
w a s  a d d e d . T h e  s o lu t io n  w a s  w a s h e d  w i t h  a  1 5 %  a q u e o u s  s o lu t io n  o f  s o d iu m  c a r b o n a te  
( 1 0  c m 3) .  T h e  o r g a n ic  p h a s e  w a s  s e p a r a t e d  a n d  w a s h e d  w i t h  s a t u r a t e d  b r in e  ( 2 x 1 0  c m 3) .
T h e  o r g a n ic  p h a s e  w a s  d r ie d  o v e r  m a g n e s iu m  s u lp h a t e  a n d  f i l t e r e d .  T h e  s o lv e n t  w a s  
r e m o v e d  b y  r o t a r y  e v a p o r a t io n .
Product: 0-93 g; Yield: 91-6%; Viscous beige oil 
Analysis:1HNMRf and C,H,N elemental analysis (Calculatedfor C36H3oN30 8P3 -  Results shown in table on
following page:
7 Run on the JEOL NMR spectrometer
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P e a k  S h i f t  
( p .p .m . )
N a t u r e I n t e g r a l A s s i g n m e n t
1*15 B r o a d  s in g le t N /A S o lv e n t
im p u r i t y
1 -3 9 B r o a d  s in g le t 1 N /A H D O
4 -8 5 , 4 -9 5 B r o a d  s in g le t 1 1 -O H
6 -2 6 , 6 -3 6 , 6 -9 5 , 
7 -0 7 , 7-1
C o m p le x
m u l t ip le t
1 4 A r o m a t ic
p ro to n s
Table 3.13: lHNMR data for l,3-bis(4-hydroxyphenoxy)~l,3,5,5-tetraphenoxycyclotriphosphazene
C H N
E x p e c t e d  % 5 9 -5 9 % 4 -1 7 % 5 -7 9 %
F o u n d  %  ( I ) 5 8 -9 9 % 4 -1 1 % 5 -5 8 %
F o u n d  %  ( 2 ) 5 9 -2 1 % 4 -1 4 % 5 -5 9 %
M e a n  % 5 9 -1 0 % 4 -1 3 % 5 -5 9 %
Table 3.14: Elemental analysis results for 1,3-bis(4-hydroxyphenoxy)-l ,3,5,5- 
tetraphenoxycyclotriphosphazene
1 D is a p p e a r e d  u p o n  s h a k in g  w i t h  d e u t e r a t e d  w a t e r
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3 .3 .4 )  P h o s p h a z e n e  c y a n a t i o n
3 .3 .4 . 1 )  G e n e r a l  i n f o r m a t io n
O w in g  to  th e  h a z a r d o u s  n a tu r e  o f  c y a n o g e n  b r o m id e ,  a l l  c y a n a t io n  r e a c t io n s  w e r e  c a r r ie d  
o u t  in  a  f u m e  c u p b o a r d  w i t h  a t  l e a s t  o n e  e x t r a  p e r s o n  in  a t te n d a n c e .  O x y g e n  w a s  a v a i l a b l e  
in  th e  e v e n t  o f  a n  e m e r g e n c y .  B o t h  l a t e x  a n d  n i t r i l e  g lo v e s  w e r e  w o r n  a t  a l l  t im e s .  O n c e  
u s e d ,  a l l  g l a s s w a r e ,  s p a t u la e  a n d  g lo v e s  w e r e  p la c e d  in  a  b le a c h / s o d iu m  h y d r o x id e  b a th  to  
d e s t r o y  a n y  r e s id u a l  c y a n o g e n  b r o m id e  p r io r  to  d is p o s a l .
3 .3 .4 . 2 )  S y n t h e s i s  o f  l , 3 - 6 /s(4 - c y a i i a t o x y p h e n o x y ) - l ,  3 , 5 , 5 -
t e t r a p h e n o x y c y c lo t r ip h o s p h a z e n e
1 , 3 - £ A (4 - h y d r o x y p h e n o x y ) - 1 , 3 ,5 , 5 - t e t r a p h e n o x y c y c lo t r ip h o s p h a z e n e  ( 2 -2 5  g ,  3-1  m m o l)  
a n d  c y a n o g e n  b r o m id e  ( 0* 7 4  g ,  7  m m o l)  w e r e  a d d e d  to  a  t h r e e - n e c k e d  f l a s k  f i t t e d  w i t h  tw o  
s e p ta ,  a n d  a  c o n d e n s e r  a t t a c h e d  to  a  c a l c iu m  c h lo r id e - f i l l e d  d r y in g  tu b e . T h e  r e a g e n t s  
w e r e  d i s s o lv e d  in  a c e to n e  a n d  c o o le d  to  b e lo w  -5  ° C  u s in g  a  m e th a n o l/ ic e  b a th . 
T r ie t h y la m in e  ( 0*71  g ,  7  m m o l ,  0 -9 8  c m 3)  w a s  s lo w ly  a d d e d  v ia  a  g l a s s  s y r in g e .  T h e  
m ix t u r e  w a s  a l lo w e d  to  s t i r  f o r  t h i r t y  m in u t e s ,  w h i l s t  m a in t a in in g  th e  t e m p e r a tu r e  b e lo w  
-5  ° C . I t  w a s  th e n  a l lo w e d  to  r e tu r n  to  r o o m  te m p e r a tu r e  s lo w ly .  T h e  r e a c t io n  w a s  
q u e n c h e d  b y  a d d in g  i t  to  a n  ic e / w a te r  b a th ,  th e  v o lu m e  o f  w h ic h  w a s  a p p r o x im a t e ly  f iv e  
t im e s  g r e a t e r  th a n  t h a t  o f  th e  r e a c t io n  m ix t u r e .  T h e  r e s u l t a n t  g r e e n  o i l  w a s  s e p a r a t e d  a n d  
e x t r a c t e d  w i t h  d ic h lo r o m e th a n e  (3  x  7 5  c m 3).
- 178-
M.A. Pullinger Synthesis and Characterisation of Novel Polymeric Materials for High Temperature Composite Applications
T h e  o r g a n ic  e x t r a c t s  w e r e  w a s h e d  w i t h  a  I M  a q u e o u s  s o lu t io n  o f  s o d iu m  h y d r o x id e  
(3  x  5 0  c m 3)  a n d  s a t u r a t e d  b r in e  (2  x  5 0  c m 3) . T h e  o r g a n ic  p h a s e  w a s  d r ie d  o v e r  
m a g n e s iu m  s u lp h a te ,  f i l t e r e d  a n d  e v a p o r a te d  to  y i e ld  a  v e r y  v i s c o u s  c o lo u r le s s  o i l ,  w h ic h  
s o l id i f i e d  u p o n  p l a c in g  in  a  f r e e z e r .  U p o n  b e in g  a l lo w e d  to  r e tu r n  to  r o o m  t e m p e r a tu r e ,  i t  
e x i s t e d  a s  a  c o lo u r le s s  w a x .
Product: 1-97 g; Yield: 82.2%; Very viscous colourless oil/wax 
Analysis:1HNMR -  Compatible, see Table 3.15;13C and 31P NMR -  Compatible with minor impurities;
C,H,N elemental analysis (Calculated for QgZ-fysMOsA -  see Table 3.16:
P e a k  S h i f t  ( p .p .m . ) N a t u r e A s s i g n m e n t
3 -7 0 S in g le t - o c h 3
1 -0 3 V e r y  w e a k  t r ip le t E t3N
I - H S in g le t U n id e n t i f i e d  im p u r i t y
2 -1 6 , 2 -1 7 D o u b le t U n id e n t i f i e d  im p u r i t y
2 -6 2 Q u a r te t E t3N
3 -7 7 S in g le t U n id e n t i f ie d  im p u r i t y
5 -2 8 S in g le t D C M
6 -8 6  a n d  7 -2 6 C o m p le x  m u l t ip le t A r o m a t ic  p ro to n s
7 -2 8 S in g l e t U n d e u t e r a t e d  c h lo r o f o r m
Table 3.15: 1HNMR data for 1,3-bis(4-cyanatoxyphenoxy)-l, 3,5,5-tetraphenoxycyclotriphosphazene
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C H N
E x p e c t e d  % 5 8 -8 5 % 3 -6 4 % 9 -0 3 %
F o u n d  %  ( 1 ) 5 7 -4 1 % 4 -0 2 % 7 -8 5 %
F o u n d  %  ( 2 ) 5 7 -0 3 % 3 -9 3 % 7 -7 3 %
M e a n  % 5 7 -2 2 % 3 -9 8 % 7 -7 9 %
Table 3.16: Elemental analysis results for 1,3-bis(4-cyanatophenoxy)-l ,3,5,5- 
tetraphenoxycyclotriphosphazene
- 180-
C h a p te r  4
D iscussion  o f  T h e rm a l
A n aly sis  R esu lts
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4.1) Introduction
T h is  c h a p t e r  i s  d iv id e d  in to  tw o  m a in  p a r t s .  T h e  f i r s t  p a r t  i s  a n  in t r o d u c t io n  to  th e r m a l 
a n a ly s i s  t e c h n iq u e s :  th e  m a in  m e th o d s , th e  d a t a  th a t  c a n  b e  a c q u ir e d  th r o u g h  th e m , th e ir  
a d v a n t a g e s  a n d  l im i t a t io n s ,  e t c . T h e  s e c o n d  h a l f  o f  th e  c h a p t e r  d e s c r ib e s  th e  th e r m a l 
a n a ly s e s  o f  c o m p o u n d s  s y n th e s is e d  d u r in g  t h is  p r o je c t  a n d  a n a ly s e s  t h e  r e s u l t s .
4.2) T h e r m a l  analysis techniques
4 .2 .1 )  B a c k g r o u n d
O n c e  a  p o ly m e r  h a s  b e e n  s y n th e s is e d ,  i t  i s  n e c e s s a r y  to  d e te r m in e  i t s  p r o p e r t ie s .  T h is  
p r o je c t  c o n c e r n s  th e  s y n th e s is  o f  h ig h  t e m p e r a tu r e  r e s is t a n t  p o ly m e r s .  O b v io u s ly ,  i t  w i l l  
b e  v e i y  im p o r t a n t  to  a n a ly s e  th e  t h e r m a l  p r o p e r t ie s  o f  th e  m a t e r i a l s  s y n th e s i s e d  to  e v a lu a t e  
t h e i r  s u i t a b i l i t y  fo r  u s e  in  s u c h  a p p l ic a t io n s .
T h e r e  a r e  m a n y  m e th o d s  a v a i l a b l e  to  d e te r m in e  th e  t h e r m a l  p r o p e r t ie s  o f  a  p o ly m e r .  
A m o n g s t  th e  m o s t  c o m m o n ly  e m p lo y e d  a r e  d i f f e r e n t ia l  s c a n n in g  c a lo r im e t r y  ( D S C ) ,  
w h ic h  m e a s u r e s  c h a n g e s  in  e n e r g y  a n d  h e a t  f lo w  in  a  s a m p le ;  t h e r m o g r a v im e t r ic  a n a ly s i s  
(T G  A n a l y s i s ) ,  w h ic h  m e a s u r e s  m a s s  lo s s ;  a n d  t h e r m o m e c h a n ic a l  a n a l y s i s  ( T M A ) ,  w h ic h  
s tu d ie s  th e  c h a n g e  in  m e c h a n ic a l  p r o p e r t ie s  u p o n  h e a t in g .  T h e s e  th r e e  m e th o d s  w e r e  th e  
t e c h n iq u e s  e m p lo y e d  in  t h is  p r o je c t  a n d  a r e  d i s c u s s e d  in  d e t a i l  in  t h e  s u b s e q u e n t  s e c t io n s .
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4 .2 .2 )  D i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y
D S C  is  a  t e c h n iq u e  fo r  m e a s u r in g  c h a n g e s  in  h e a t  f lo w  b e tw e e n  a  s a m p le  a n d  a  r e f e r e n c e  
m a t e r i a l .  I t  h a s  i t s  o r ig in s  in  th e  t e c h n iq u e  o f  D if f e r e n t ia l  T h e r m a l  A n a l y s i s ,  w h ic h  f i r s t  
c a m e  in to  u s e  in  th e  l a t e  n in e t e e n t h  c e n t u r y 1. L e  C h a t e l i e r  w a s  o n e  o f  th e  p io n e e r s  o f  th e  
t e c h n iq u e : h e  u s e d  i t  to  id e n t i f y  d if f e r e n t  t y p e s  o f  c l a y  b y  c h a n g e s  in  h e a t in g  r a t e s 2.
D S C , a  d e v e lo p m e n t  b r o u g h t  a b o u t  b y  th e  a v a i l a b i l i t y  o f  i n c r e a s in g l y  s e n s i t iv e  
in s t r u m e n ta t io n , w a s  p io n e e r e d  b y  W a t s o n  e t  a l.  in  th e  1 9 6 0 s 3. I t  i s  o n e  o f  th e  m o s t  
v e r s a t i l e  th e r m a l  a n a l y s i s  m e th o d s  a v a i l a b l e  to  th e  m a t e r i a l s  s c ie n t i s t ,  a s  i t  a l lo w s  m a n y  
d if f e r e n t  t r a n s i t io n s  to  b e  d e te c t e d  a n d  m e a s u r e d .  F o r  e x a m p le ,  i t  c a n  d e te r m in e  th e  
m e l t in g  p o in t  o f  a  s u b s t a n c e ,  i t s  g l a s s  t r a n s i t io n  t e m p e r a tu r e  (T g) ,  o r  th e  t e m p e r a tu r e  a t  
w h ic h  d e c o m p o s i t io n  b e g in s .
T h e  s a m p le  i s  p la c e d  in  a  p a n , w h ic h  m u s t  b e  o f  lo w  th e r m a l  c a p a c i t y  so  a s  to  m in im is e  
t h e r m a l  r e s p o n s e .  T h e s e  p a n s  a r e  u s u a l l y  m a d e  o f  a lu m in iu m . T h e  s a m p le  p a n  i s  p la c e d  
o n  a  h e a t e d  p la t e  a n d  a  r e f e r e n c e  p a n  i s  p la c e d  o n  a n o th e r  h e a t e d  p la t e  in  a n  id e n t ic a l  
e n v ir o n m e n t .  E a c h  h o tp la t e  c o n t a in s  a  t h e n n o c o u p le  t h e r m o m e te r  to  m e a s u r e  m in u t e  
c h a n g e s  in  h e a t  f lo w . T h e  c a lo r im e t e r  i s  th e n  p r o g r a m m e d  to  p e r f o r m  a n  a n a l y s i s .  T h is  
c a n  b e  is o th e r m a l  o r  c a n  b e  a  t e m p e r a tu r e  r a m p . T h is  i s  s h o w n  s c h e m a t i c a l l y  in  
F ig u r e  4 . 1 , o n  th e  f o l lo w in g  p a g e 4 :
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Reference Gas Purge Inlet
Figure 4.1: Schematic o f a Perkin-Elmer Differential Scanning Calorimeter
The temperature of each pan is constantly measured and the power to each hot plate is 
adjusted so as to maintain thermal equilibrium at the programmed temperature. For this 
reason, the technique is sometimes known as power compensation DSC.
An alternative technique measures the heat flow between the sample pan and the reference 
pan. This technique is sometimes referred to as heat flux DSC; it is this technique that was 
employed during the experimental work described in Section 4.3.
From the data collected, a plot of the differential power against the temperature can be 
obtained. A typical example, obtained during this project, is shown in Figure 4.2, on the 
following page.
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Figure 4.2: Typical power compensation DSC plot
The heat flow is directly proportional to the specific heat capacity of the sample. 
Therefore, any change in the specific heat capacity (e.g. a change of physical state) will 
produce a change in the gradient of the heating curve. An exothermic change will produce 
a peak and an endothermic change a trough.
DSC instruments are extremely versatile tools. They can be adapted to operate under an 
inert atmosphere, they can work over an extremely wide temperature range (below -100 °C 
to over 500 °C), and can be largely automated. They have been used to study a wide 
variety of physical changes, e.g. polymer curing, estimation of purity, Tg measurements 
and estimation of kinetic reaction parameters (Arrhenius parameters). The last-named 
application is discussed in greater detail in Section 4.2.3
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4.2.3) M easurement o f kinetic parameters using DSC
4.2.3.1) The Arrhenius Equation
Classic reaction kinetics are studied using the Arrhenius equation, which is most 
commonly written as Equation [1], below:
k = A e('E,/RT) [I]
where k is the rate constant, A the pre-exponential factor (a constant), Ea the activation 
energy for the reaction in question, R the universal gas constant and T the absolute 
temperature.
Conventional calorimetry has long been used to study reaction kinetics. DSC, which 
measures heat flow as a function of time, can also be used to study the reaction rate 
kinetics of many reactions, a technique that has found widespread use in polymer science.
A common method used is that of Barton, first reported in 19715. This approach requires 
measuring a reaction in DSC at a variety of different heating rates. An exothermic 
transition can be identified by a peak. The temperature and heat flow are known. These 
data must then be analysed using a simple nth order kinetic model, shown in the re­
expressed Arrhenius equation, Equation [2], on the following page:
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ln(r) - H.ln(l-oc) = ln(A) - Ea/RT [2]
where r is the rate of conversion (da/dt), n the reaction order, and a  the degree of 
conversion. It must be assumed that the degree of conversion at the start of the peak is 
zero and that the reaction proceeds to completion at the end of the exotherm.
4.2.3.2) Practical considerations
A plot of ln(r) - w.ln(l-ot) versus 1,000/T should be linear for the correct value of n. This 
enables the order of reaction to be known. The natural logarithm of the pre-exponential 
factor can be calculated from the y-intercept, and the activation can be found from the 
gradient.
However, as Figure 4.2 showed, the baseline of a DSC plot does not run parallel to the 
x-axis. In order to eliminate other thermal effects and to calculate the reaction kinetics 
accurately, it is necessary to perform baseline correction. This is effected by extrapolating 
a best-fit straight line between the start of the exotherm and the end. The exotherm is then 
corrected by subtracting the difference between the position on the real baseline and the 
position on the hypothetical flat baseline from every point on the plot, as shown in 
Figure 4.3, on the following page:
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Figure 4.3: Baseline correction o f  a DSC plot 
This correction will allow meaningful kinetic data to be obtained from the DSC plot.
4.2.4) Temperature M odulated DSC
Temperature modulated DSC (TMDSC) is a variation on standard DSC and was first 
introduced in the early 1990s6. The technique has become quite widely used, but is known 
by a confusing number of abbreviations trademarked by the various manufacturers: 
Modulated DSC™ (MDSC™) by TA Instruments, Oscillating DSC™ (ODSC™) by Seiko 
Instruments, Alternating DSC™ (ADSC™) by Mettler-Toledo and Dynamic DSC™ 
(DDSC™) by Perkin-Elmer. Throughout this chapter, it is referred to simply as MDSC.
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The technique allows more extensive data to be gathered than would be the case from a 
standard DSC scan. The sample is placed in a similar calorimeter set-up to that employed 
for conventional DSC and a linear heating ramp is performed. However, an additional 
sinusoidal temperature modulation is superposed on the constant heating profile. This 
results in a system in which the sample temperature also varies sinusoidally.
The total heat flow in a DSC system consists of two separate components: a reversible heat 
flow, proportional to the specific heat capacity of the sample, and an irreversible 
component, based upon kinetic factors7. By measuring time, the modulated heat flow and 
the modulated heating rate, it is possible to separate the total heat flow into two separate 
components.
The reversible heat flow is equal to the product of the specific heat capacity and the linear 
heating rate. Thus, the irreversible component can be obtained simply by subtracting the 
reversible component from the total heat flow.
The technique can be very useful for confirming the nature of a transition. It is particularly 
useful for multi-component samples, where a small change in heat capacity (e.g. a glass 
transition) might be masked by a larger irreversible (e.g. a cold crystallisation) in a 
standard DSC scan. By separating the two flows, MDSC makes it possible to gain more 
structural data about a sample.
Examples o f MDSC plots can be found in Section 4.3.5.
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4.2.5) Thermomechanical analysis
It has long been possible to determine the thermal expansion properties of solids or liquids 
using the technique of dilatometry. However, in the last half century, this technique has 
been expanded to determine also the penetration into a sample, which gives a measure of 
the softening of a sample over time or under heating. This technique is known as TMA.
The sample is placed in a pan in a furnace. A small probe, with a surface area of 
ca. 1 mm2 is applied to the sample with a known force. The sample is then heated, usually 
via a thennal ramp. As the sample heats, the depth of penetration of the probe is 
measured.
Sharp changes in the hardness of the material will result in a sudden penetration. This is 
usually the result of a change in physical state, e.g. a melt, a Tg or a cure. This, therefore, 
allows useful data to be acquired about the sample’s physical properties. TMA plots can 
be found in Section 4.3.6,
4.2.6) Thermogravimetric analysis
TG analysis is a technique for measuring mass changes upon heating. It is a useful 
technique for determining at what temperature a polymer begins to degrade, or for 
determining the rate of degradation.
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The sample is placed in a pan, which is often made of platinum, due to its ability to 
withstand high temperatures and its low reactivity. This pan is attached to a sensitive 
balance: a simple spring balance is most commonly employed, but a cantilever or torsion 
wire can also be used. For a spring balance, changes in length are directly proportional to 
the change in force (i.e. sample weight) upon it, according to Hooke’s Law.
A microfurnace is then raised to encircle the sample. The apparatus can be programmed 
either for an isothermal run or a temperature ramp. Samples can be studied at 
temperatures up to 1,000 °C, either under air or under an inert atmosphere. Any changes in 
mass will be recorded, which can be used to produce plots of mass against temperature or 
time. A typical TG plot, showing mass loss as a function of time, is shown in Figure 4.4, 
below:
Figure 4.4: Typical TG analysis plot
Plots such as this can be used to determine the point at which the sample begins to 
degrade. With some knowledge of the chemistry of the sample, it is even possible to 
determine which parts of a sample begin to break off first.
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4.3) Thermal analysis of the target phosphazene cyanate ester
As was described in Chapter 2 of this thesis, it was possible successfully to synthesise the 
target cyanate ester monomer shown below.
Once the synthesis of this molecule had been completed, the next task was to study its 
thermal properties. DSC, MDSC, TG analysis and TMA were the methods chosen for this 
task, as they would provide a large quantity of data about the monomer, i.e. cure 
temperature, Tg and rate of thermal decomposition. Using DSC, it was also possible to 
study the reaction kinetics of the monomer.
4.3.1) Experimental information
All differential scanning calorimetry measurements were taken in sealed, crimped 
alumininm pans on a TA Instruments MDSC analyser under nitrogen. The sample masses 
were ca. 3-5 mg ±0*5 mg.
PhO OPh
(1)
Figure 4.5: 1,3-bis(4-cyanatophenyl)-l ,3,5,5-tetraphenoxycyclotriphosphazene
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TG analysis was performed on a Perkin-Elmer TGA7 thermogravimetric analyser in an 
unsealed platinum pan, either exposed to air or under an inert atmosphere of nitrogen.
TMA was performed on a Perkin-Elmer TMA7 thermomechanical analyser and interpreted 
using Pyris software.
4.3.2) DSC study o f the phosphazene cyanate ester’s thermal properties
DSC was used to study the uncatalysed thermal curing of cyanate ester, 1. The sample was 
studied from 0 °C to 250 °C, using a temperature ramp as a variety of different heating 
rates: 2, 5, 10f, 15 and 20 K min'1. These scans are shown in Figure 4.6 to 4.10 on the 
following pages.
From these scans, it was possible to deduce the melting point of the monomer, which 
appeared as a sharp endotherm towards the left-hand side of the plot. It was also possible 
to observe the curing of the cyanate ester to yield a polycyanurate ring, which appeared as 
a broad exotherm. By extrapolating a tangent from half the height of this peak back to the 
baseline, it was possible to determine the temperature at which the cure began. The cure 
enthalpy can be calculated by integration to determine the area under the exothermic peak. 
This can be converted to the enthalpy per mole of cyanate by multiplying by the molar 
mass of the monomer and halving the result, owing to the molecule being a dicyanate.
f Studied from 25 °C to 250 °C
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The data obtained are summarised in Table 4.1, below.
Heating rate 
(K min'1)
Melting 
point (°C)
Cure onset 
(°C)
Peak max. 
(°C)
AH (J g '1 
sample)
AH (kJ mol'1 
-0-C=N)
2 42 98 126 -33 -13
5 44 114 145 -86 -34
10 45 125 158 -96 -37
15 47 133 165 -82 -32
20 48 139 172 -97 -38
Table 4.1: Thermal properties o f the cyanate ester, 1, and curing enthalpies
Scan of curing cycle 
(2 K/min)
I
.0.3  , , r—   , , r r , , , ,
-25 0 25 50 75 100 125 150 175 200 225 250
Temperature (UC)
Figure 4.6: DSC plot for the phosphazene-containing cyanate ester, 1, with a heating rate o f 2 K  m in1
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Scan of curing cycle 
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Figure 4.7: DSC plot fo r cyanate ester 1, with a heating rate o f  5 K  min
Scan of curing cycle 
(10 K/min)
Temperature (°C)
Figure 4.8: DSC plot for cyanate ester 1, with a heating rate o f  10 K  m in1
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Scan of curing cycle 
(15 IC/min)
0 -i
-0.5 
-1 
-1.5 -
-2 - 
-2.5 - 
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-3.5
-25 100 125
Temperature (UC)
175
Figure 4.9: DSC plot fo r cyanate ester 1, with a heating rate o f  15 K  m in1
Scan of curing cycle 
(20 K/min)
Temperature (°C)
Figure 4.10: DSC plot for cyanate ester 1, with a heating rate of 20 K min'1
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The melting point observed was quite low, varying between 42 and 48 °C, depending on 
the heating rate. This would account for the fact that the product was initially obtained as 
a highly viscous oil. However, the sharpness of the endotherm bore out the NMR and 
elemental analysis that the product was reasonably pure.
It should also be borne in mind that measuring errors of between 5% and 10% are common 
when differential scanning calorimeters are operating in thermal ramp mode. This may 
help to account for some of the variance between the data. Error bars were not shown on 
the plots in Figures 4.6 to 4.10, owing to the number of data points.
The cure onset temperature is very low for cyanate ester monomers. The thermal curing at 
10 K min'1 began at 125 °C. Another dicyanate monomer, 2,2-bis(4-
o
cyanatophenyl)propane, is reported to have a cure onset at approximately 207 °C , whereas 
frfrphenol-A dicyanate has a cure onset temperature of 210 °C9. However, the figure for 
compound 1 is quite similar to that reported for the phosphazene-containing tricyanate 
ester of the phenolic compound synthesised by Nair et al., 145 °C9, shown in Figure 4.11 
on the following page.
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OH
Figure 4.11: 1,3,5-tns(4-((4-hydroxyphenyl)isopropylidene)phenoxy)-l, 3,5-triphenoxycyclotriphosphazene
If the data from the 2 K min'1 heating rate, which appears to be a stray result, are 
neglected, the reaction enthalpy appeared to average about -35 kJ mol'1 of cyanate. This 
value is very low for a cyanate curing reaction. 2,2-RA(4-cyanatophenyl)propane has been 
reported to have a curing enthalpy of -184 kJ mol'1. Unfortunately, Nair’s paper does not 
provide any enthalpy data for the triazine ring formation from the phosphazene-containing 
cyanate ester that he and his co-workers studied, which would have been an interesting 
comparison.
Compound 1 was also studied over a wider temperature range, as seen in Figure 4.12, on 
the following page:
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Initial scan of curing cycle
Temperature (°C)
Figure 4.12: Wide temperature range scan o f the dicyanate ester, 1
As can be seen from the above DSC plot, a second exothermic transition appeared to begin 
at approximately 300 °C. This might be the onset of degradation of the cured polymer. 
This hypothesis was tested by TG analysis and TMA. The results are described in Sections
4.3.6 and 4.3,7.
4.3.3) Determination o f the kinetic parameters of the cure by DSC
The kinetics of the curing reaction were studied using the method described in 
Section 4.2.3. Data had already been obtained for the cure at a variety of different heating 
rates. These data were analysed using an Excel spreadsheet designed to perform automatic 
baseline correction.
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In the modified Arrhenius equation [2]:
ln(r) - w.In(l-a) = ln(A) - Ea/RT [2]
it is possible to calculate a  by assuming that no conversion had occurred at the start of the 
endotherm and that total conversion had taken place at the end. Therefore, all o f the 
variables are known to calculate the kinetic data, apart from the reaction order, n.
For this reason, it was necessary to plot ln(r) - w.ln(l-a) against reciprocal time from data 
at a constant heating rate for several different possible values o f n. 10 K min'1 was chosen 
as typifying the data. The data were plotted for n = 1, 2 and 3 for 0-05 < a  < 0-95, which 
allowed the impact o f other thermal effects to be minimised. The results are shown in 
Figures 4.13 to 4.15, below and on the following page.
Arrhenius Plot of the Thermal Care 
(n=l)
1000/T (IC)
Figure 4.13: Arrhenius plot for n = 1
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Arrhenius Plot of the Thermal Cure 
(n=2)
1000/T (IC)
Figure 4.14: Arrhenius p lo t for n = 2
Arrhenius Plot of the Thermal Cure 
(n=3)
-n=2
"Linear (n=2)
-n=3
“Linear (n=3)
1000/T (K)
Figure 4.15: Arrhenius plot for n -3
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I f  the three are plotted on the same axis, as in Figure 4.16, below, analysis by the naked 
eye is sufficient to tell that the data best fit a simple second order model.
Arrhenius Plot of the Thermal Cure
1000/T (It)
Figure 4.16: Arrhenius p lo t for the cure o f  the cyanate ester, 1, for n -  1, 2 and 3
Least squares regression analysis was used to determine the best-fit lines between the data 
points for all the slopes. The correlation co-efficient (r2) values were 0-957, 0-996 and 
0-970 for « = 1, 2 and 3 respectively10. The value closest to 1 will be the best-fit line: this 
is, indeed, the line for n = 2. This is in accord with literature reports that cyanate curing 
follows a second order process11, although other reaction orders have been reported12.
From Equation [2], it was possible to extrapolate the apparent activation energy, Ea, from 
the best-fit gradient (by multiplying by R, 8*314 J K '1 mol*1), and the pre-exponential 
factor, A, from the best-fit intercept. Table 4.2, on the next page, shows these data:
M.A. Pullinger Synthesis and Characterisation of Novel Polymeric Materials for High Temperature Composite Applications
Scan rate ( K  min'1) E a (kJ mol'1) A (s'1)
2 +144 8-46 x 1017
5 +150 2-77 x 101S
10 +124 119 x 1015
15 +151 1-48 x 1018
20 +147 3-88 x IQ17
Table 4.2: Kinetic parameters fo r the thermal curing o f Compound 1
The data for the heating rate of 10 K min'1 appear to be sharply different from the data 
obtained for the other heating rates. The other figures appear to correlate closely to one 
another. These data are in agreement with the figures expected for other cyanate systems, 
e.g. 2,2-frw(4-cyanatophenyl)propane. Unfortunately, no data have been published for 
similar cyanate polymers.
The DSC plot for a heating rate of 10 K min'1 was shown in Figure 4.14. The plots for the 
other heating rates are shown in Figures 4.17 to 4.20 on the following pages:
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Arrhenius Plot 
2 K/min)
1(M?0/T(K)
Figure 4.17: Arrhenius p lo t o f  Compound 1 (2 K  m in1)
Arrhenius Plot 
(5 K/min)
looo/r (ic)
Figure 4.18: Arrhenius plot of Compound 1 (5 K min1)
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Arrhenius Plot 
(15 K/ntiu)
1000/T (K/min)
Figure 4.19: Arrhenius plo t o f  Compound 1 (15 K  m in1)
Arrhenius Plot 
(20 K/min)
1000/T (K -t)
Figure 4.20: Arrhenius plot of Compound 1 (20 K min1)
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4.3.4) DSC Analysis o f the cured cyanate ester
A sample of the cyanate ester, 1, was thermally cured at 250 °C for 30 minutes. It was 
allowed to cool to room temperature, before being reheated in the same aluminium pan 
from 25 °C to 400 °C. This was done to study the thermal properties of the resultant 
triazine resin, e.g. Tg, temperature at which thermal degradation begins, etc.
One such scan is shown in Figure 4.21, below:
Rescan of cured sample
TcmpcrnUirD (”C)
Figure 4.21: Rescan o f  cured cyanate ester, 1
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A subtle change in the gradient of the signal can be detected at ca. 80 °C. This could be a 
glass transition. By extrapolating tangents for each of the two slopes and noting the 
intercept between the two, it was possible to calculate the point of inflexion as 87 °C. This 
was a very low figure for a cyanate ester, which usually have Tg values above 200 °C. For 
this reason, it was impossible to confirm it as a Tg without supporting evidence.
A large exotherm appears to begin at about 250 °C. This is similar to the plot shown in 
Figure 4.12. This may mark the onset of degradation.
Another sample was run 0 °C to 400 °C, shown below as Figure 4.22. This appeared to 
shown a Tg at 59 °C and thermal degradation from about 260 °C.
Rescan of cured sample
Temperature ("C)
Figure 4.22: Rescan of cured cyanate, 1, from 0 °C to 400 °C
M.A. Pullinger Synthesis and Characterisation of Novel Polymeric Materials for High Temperature Composite Applications
4.3.5) MDSC Analysis o f the cured cyanate
A sample of the cyanate ester, previously cured for 30 minutes at 250 °C, was rescanned 
using MDSC, using a linear heating rate of 10 K m in1. The plot obtained is shown in 
Figure 4.23, below:
o.i
o
-o.i H 
-0.2 
3 H 
f  -0.4
I
5  -0.
1 |  -0.5-
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-0.6
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-25 0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375
T e m p e ra tu re  (*C)
Figure 4.23: MDSC rescan o f  the cured cyanate ester, 1
The plot clearly shows a point of inflexion at 59 °C in the reversible heat flow. This 
appeared to confirm that the Tg of this cured cyanate ester occurs at the very low 
temperature of 59 °C, as was seen in the conventional DSC rescan. These figures were 
much lower than those reported in Nair’s paper for a similar phosphazene-containing 
cyanates (160-175  °C)9.
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4.3.6) Thermomechanical analysis o f the cured polymer
A sample of the cured cyanate ester, 1, was analysed using TMA, as described in 
Section 4.2.5. The sample was studied using a temperature ramp, from 20 °C to 500 °C. 
The only transition observed was between 50 °C and 70 °C. This transition can be seen 
most clearly from an expanded plot, as shown below in Figure 4.24.
TMA of cured sample
0.1 -1------------------------------------------- 1------------------------------------------- T-----
30 55 80
Temperature (“C)
Figure 4.24: TMA plot o f the a cured sample o f cyanate ester, 1
By extrapolating tangents from the two different slopes, a figure of 60 °C was obtained for 
the phase transition observed. This clearly corresponds to the Tg of the polymer, 
confirming its exceptionally low value.
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4.3.7) Thermogravimetric analysis
A sample of the cured cyanate ester, 1, was tested by TG analysis, as described in 
Section 4.2.6. The sample was tested under both air and nitrogen. For the sample run in 
air, the sample was heated to 50 °C, held at this temperature for one minute, and then 
heated to 1,000 °C, with a temperature ramp of 10 K min'1. It was maintained at this 
temperature for three hundred minutes.
For the sample under a nitrogen atmosphere, the sample was heated to 50 °C, held at this 
temperature for one minute, and then heated to 1,000 °C, with a temperature ramp of 
10 K min'1. It was held at this temperature for six thousand minutes (one hundred hours).
The two analyses are shown in Figure 4.25 and Figure 4.26 on the following page. The 
sample mass is plotted as a percentage on the primary y~axis, the temperature on the 
secondary y-axis.
From these graphs, a table of mass loss data under the two different atmospheres was 
compiled, Table 4.3, which follows the graphs
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TG Analysis of sample in air
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Figure 4.25: TG Analysis o f  cured sample in air
TG Analysis of sample under nitrogen
Time (Mins)
Figure 4.26: TG Analysis of cured sample under nitrogen
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Atmosphere
Temperature (°C) for a given mass loss (%)
5 10 15 20 30 40 50 60 80 100
Air 381 418 453 481 519 652 710 732 780 N/A
Nitrogen 366 396 421 456 501 551 816 891 >1,000 N/A
Table 4.3: TG data for the thermal degradation o f a cured sample o f the cyanate ester, 1, under air and N2
Noticeable thermal degradation under air appeared to commence at approximately 310 °C. 
There was some slight degradation prior to this, but this was negligible (<1%). Under 
nitrogen, no degradation was observed until 279 °C, a lower figure than under air. This 
suggested that that this sample might not have been fully cured. However, it did prove that 
the first degradation of the molecule was not an oxidative process, i.e. it did not break 
down as a result of oxidation by molecular oxygen.
Degradation appeared to take place in two distinct steps. The first took place between 
ca. 300 °C and 600 °C. Approximately 40% of the mass was lost during this stage, which 
is probably due to the organic part of the molecule degrading. A period of relatively little 
further mass loss was then observed before the remainder of the molecule began to 
degrade. This took place from approximately 680 °C to 900 °C in air, but from 800 °C to
1,000 °C under nitrogen. Clearly this second degradation is an oxidative step and is 
presumably due to the destruction of the thermally stable phosphazene ring. Neither 
sample lost all its mass, but the char yield at 1,000 °C was less than 3% under both air and 
nitrogen, presumably trace quantities of inorganic solids.
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TG analysis of uncured similar compounds has been reported in the literature9. Although 
thermal degradation of these polymers began at a higher temperature (above 400 °C), they 
appear to degrade via a similar mechanism, i.e. loss of the organic part of the molecule, 
followed by no further mass loss until ca. 700 °C.
In summary, it appears that the compound is reasonably thermally stable up until 
somewhere between 270 -  300 °C, at which point the organic part of the molecule begins 
to break down.
4.3.8) Summary o f thermal analysis work
The thermal analysis of the phosphazene-containing cyanate ester, 1, produced a plethora 
of interesting data. DSC analysis proved that the sample was reasonably pure: this could 
be seen from the sharp melting endotherm at ca. 46 °C. It was also observed that curing 
began at quite low temperatures, ranging between 98 and 139 °C, depending on the heating 
rate used. The enthalpies of polymerisation were lower than other reported cyanate ester 
monomers, ranging between -13 and -38 kJ mol"1 of cyanate.
Kinetic analysis of the curing from DSC studies at different heating rates showed that the 
formation of the polycyanurate system followed a classic second order process. The data 
obtained at different heating rates agreed fairly well, and correlated well with literature 
values for other cyanate esters. The activation energy was in the order of +148 kJ mol"1, 
whereas the mean value for the pre-exponential factor was 1*37 x 1018 s '1.
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A DSC of the thermally cured cyanate ester appeared to show a Tg between 59 and 60 °C. 
This figure appeared very low, particularly when compared to other cyanate ester resins, 
but the figure was confirmed by MDSC and TMA data. This figure is extremely low and 
would, unfortunately, preclude this material’s use in high temperature composite 
applications: any material that would undergo a glass transition at only 35 °C above 
ambient temperature would not perform well as a structural material.
However, TG analysis demonstrated that the cured polymer is quite thermally stable. 
Thermal degradation did not begin to occur until almost 300 °C. Total degradation of the 
structure did not begin to occur until over 650 °C under an oxygen atmosphere. Whilst not 
as stable as some previously reported cyanate esters, and certainly not as stable as systems 
such as PMR-15, this material does show promise as a high temperature resistant material. 
With some further work, such as the ideas discussed in Chapter 5, it is possible that 
phosphazene-containing cyanate esters may one day become a valuable class of composite 
material.
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5.1) Summary of project’s aims
High temperature resistant advanced composite materials (ACMs) have become 
increasingly important in today’s society. However, despite their growing use, the 
‘perfect’ high temperature composite material has yet to be discovered. All of the 
currently available high temperature resistant materials have problems associated with 
them, e.g. toxicity (PMR-15), brittleness (tomaleimides) or manufacturing difficulties 
(carbon/carbon composites). Cyanate esters have long been considered to be a promising 
alternative, but, at present, the glass transition temperatures (Tgs) of the resultant polymers 
are not high enough to allow them to be used at high temperatures for long periods, which 
is clearly a prerequisite for their use in modem aircraft. However, this has not prevented 
them from finding use in other areas, such as high performance circuit boards.
The principal objective of this project was to synthesise a number of cyanate ester 
monomers with thermally stable inorganic components. This, it was hoped, would confer 
extra thermal stability to the cyanate ester structure without compromising its already 
attractive features, e.g. low toxicity.
The main target molecules were the siloxane-containing dicyanate ester, 1, and the 
phosphazene-containing dicyanate ester, 2, shown in Figure 5.1 on the following page.
M.A. Pullinger Synthesis and Characterisation of Novel Polymeric Materials for High Temperature Composite Applications
c h 3 (pn3
NCO— ( (  ) ) —  S i - O - S i — ( (  )V — OCN
c h 3 c h 3 
(1)
PhO OPh 
P
N ^  NNCO— (( ))— Ox |  | | ^ 0  0CN
-  M
PhO OPh 
(2)
Figure 5.1: Main target molecules
The original intention was to discover a blend of these structures, or a blend with a 
commercial cyanate ester resin, that possessed excellent thermal properties, but without 
the problems of toxicity and cost that plague the currently available materials.
This chapter is divided into two main sections. Section 5.2 summarises the progress that 
was made towards the synthesis of the target siloxane-containing cyanate ester, 1, the 
problems encountered, and makes suggestions for possible future work that could be 
carried out to overcome these problems. Section 5.3 discusses the successful synthesis of 
the phosphazene-containing dicyanate ester, 2, and recaps the thermal analysis methods 
used to characterise it. Suggestions have also been made for possible future avenues of 
research into this molecule and analogous compounds.
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5.2) Summary of the attempted synthesis of the target siloxane 
compound, (1)
5.2.1) Conclusions
Although the attempt to synthesise the target siloxane-containing cyanate ester, 1, was 
ultimately unsuccessful, a number of interesting results were obtained. The initially 
proposed synthesis was via a four-step procedure, starting from 4-bromophenol. 
Figures 2.4 and 2.5 in Chapter 2 summarise the proposed reaction schematically. It was 
proposed to protect 4-bromophenol as an ether, form a disiloxane though a Grignard 
reaction with dichlorodimethylsilane, cleave the ether to yield the free hydroxyl group, 
before finally cyanating with cyanogen bromide.
A number of ethers of 4-bromophenol were synthesised during this project. Yields for this 
protection step were fairly good, although synthesis of the tert-butyl ether, 
4-(l,l-dimethylethoxy)bromobenzene, through a reaction between 4-bromophenol and 
tert-butyl bromide always produced extremely low yields.
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All of the ethers used (methyl, benzyl, ter+butyl and /er+butyldimethylsilyl) were 
sufficiently robust to withstand the Grignard reaction and all of the corresponding 
1,3-6w(4-alkoxyphenoxy)-l, 1,3,3-tetramethyldisiloxanes were synthesised in reasonable 
yields (ca. 60%). However, cleavage of these ethers was always problematic. Ether 
cleavage normally occurs under acidic conditions, which, for all o f the ethers studied in 
this project, also cleaved the Si-C bond, or some other part of the siloxane molecule.
Several agents were used to attempt to cleave the methyl ether: hydriodic acid, 
hydrobromic acid, boron tribromide, etc. All of these also appeared to cleave the Si-C 
bond. Similar problems were encountered with the benzyl ether (cleaved by catalytic 
hydrogenation in acidified methanol) and the ter+butyldimethylsilyl ether (cleaved by mild 
acetic acid). In the latter case, cleavage with the basic tetrabutylammonium fluoride also 
appeared to destroy the Si-C bond. It was not possible to obtain sufficient amounts of the 
tert-butyl ether to make cleavage attempts worthwhile, but it is unlikely that cleavage with 
trifluoroacetic acid, the standard conditions used, would have been any less destructive to 
the Si-C bond.
These observations have demonstrated the extreme susceptibility of the Si-C bond to 
acidic cleavage. There is some prior art that had given cause for optimism that these 
bonds might be able to withstand such conditions1, but these findings were not borne out 
by this project. In a study of the benzyl ether, cleaved by catalytic hydrogenation, it was 
shown that the Si-C bond was cleaved before the benzyl group. This was a rather 
surprising find.
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An attempt was also made to synthesise the hydroxyl precursor of the target molecule, 1, 
using a one-step Friedel-Crafts synthesis. This was quite a speculative reaction and, 
unfortunately, did not prove successful.
5.2.2) Suggested further work
Synthesis of the target molecule, 1, was not a success. It seems extremely unlikely, given 
the Si-C bond’s susceptibility to acid cleavage, that the route followed during this project 
could ever be successful. The Friedel-Crafts route is also highly unlikely to produce 
positive results.
Therefore, a new approach will be required. There are some basic reagents that are 
reported to cleave alkyl-aryl ethers, e.g. sodium, ethylsodium and ethyllithium, but these 
are quite destructive reagents. It might well be worth attempting ether cleavage of Si-C 
bond containing ethers, to determine whether or not they would be sufficiently stable. 
Cleavage of the methyl ether with di-isobutylaluminium hydride2 is another potentially 
interesting reaction that time constraints prevented from being fully explored in this 
project.
There are no other obvious synthetic routes to the target compound. One possible 
alternative might involve the use of an Si-O-C bond, rather than a direct Si-C bond. 
However, this might offset some of the benefits that a direct Si-C linkage would bring in 
terms of thermal stability and molecular flexibility.
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5.3) Summary of the synthesis and characterisation of the target 
phosphazene compound, (2)
5.3.1) Summary o f synthetic work
The synthesis of the target phosphazene molecule, l,3-to(4-cyanatophenoxy)-l,3,5,5- 
tetraphenoxycyclotriphosphazene was successful. With only slight modifications, the 
synthetic route proposed in Figure 2.47 of Chapter 2 allowed for the successful synthesis 
of the molecule. The overall yield of was 34*9%, which is reasonable for a four-step 
procedure.
The synthesis commenced from the commercially available cyclic phosphazene, 
hexachlorocyclotriphosphazene. An initial reaction was performed to replace four of the 
chloro-substituents, in order to prevent these sites from undergoing further reaction. 
Phenoxy groups were successfully used to achieve this function. The reaction itself was 
fast and trivial, but a lengthy flash chromatography column was necessary to separate the 
tetraphenoxy-substituted phosphazene from the tri- and pentasubstituted contaminants. 
However, overall yields in the order of 60 to 70% were achievable: the maximum yield 
obtained was 74-8% in a highly pure form.
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Once the tetraphenoxy-substituted phosphazene had been obtained, it was possible to 
replace the two remaining chloro-substituents with methyl ether-protected 
hydroxyphenoxy groups. Although also a simple reaction, it was slightly time-consuming, 
requiring an overnight reflux. The product also required separation by flash 
chromatography, but overall yields were reasonable, in the order of 60%. Analytical data 
again suggested a very pure compound.
Hydriodic acid proved too powerful a reagent to cleave the methyl ethers without 
damaging the rest of the molecule. As a result, it was necessary to amend the initially 
proposed reaction scheme, but this was the only deviation from the planned synthetic 
route. A IM solution of boron tribromide in dichloromethane was instead used to cleave 
the M e-0 linkage, with none of the destructive side effects that had been witnessed during 
the attempted synthesis of the siloxane target compound.
Again, this reaction required an overnight reflux, but purification was much simpler than 
for the starting material: extraction into aqueous base, neutralisation and subsequent 
re-extraction into dichloromethane proved sufficient to obtain a pure product. Yields in 
excess of 90% were possible, with no major impurities in the lH NMR spectrum other than 
residual solvent traces.
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The final step cyanation step was effected using a classic, well-used technique. The 
dihydroxyl compound was successfully cyanated with cyanogen bromide in acetone, in the 
presence of triethlyamine. No particular problems were encountered and it was possible to 
obtain the desired target compound with yields greater than 82% with no further 
purification.
The analytical techniques used (1H, l3C and 3lP NMR spectroscopy, Fourier Transform 
infra-red (FT-IR) and Raman spectroscopy and elemental determination of carbon, 
hydrogen and nitrogen) all strongly supported the successful synthesis of the target 
molecule.
5.3.2) Summary o f characterisation work
The thermal analysis of the phosphazene-containing cyanate ester, 2, produced some 
interesting results. The sharp melting endotherms visible in heat flux differential scanning 
calorimetry (DSC) plots proved that the sample was reasonably pure. These plots also 
showed that the material has a very low melting point, approximately 46 °C.
The cure temperature was also shown to be quite low. Cure onset temperatures were 
shown to be in the range 98 and 139 °C, depending on the heating rate. The cure 
enthalpies were somewhat lower than other reported cyanate ester monomers, ranging 
between -13 and -38 kJ mol'1 of cyanate.
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It was possible to study the kinetics of the curing reaction by running a number of scans at 
different heating rates. The data obtained proved that the formation of the polycyanurate 
system followed a classic second order process. The data for each heating rate was in 
good accord with the other rates used, and was in reasonable agreement with literature 
values for other cyanate esters. The activation energy was in the order of +148 kJ mol'1, 
whereas the mean value for the pre-exponential factor was 1-37 x 1018 s '1.
Samples of the cyanate ester were successfully thermally cured for by maintaining them at 
250°C for thirty minutes. These samples were used to study the thermal properties of the 
polycyanurate resin. A DSC plot of this resin appeared to show a Tg between 59 and 
60 °C, well below that expected of a cyanate ester resin. However, the figure was 
confirmed by other analytical techniques: modulated DSC (MDSC) and thermomechanical 
analysis (TMA). This figure is extremely low and would, unfortunately, preclude this 
material’s use in high temperature composite applications.
Nevertheless, the material performed more creditably in TG analysis. The cured polymer 
was shown to be quite thermally stable. Thermal degradation did not begin to occur until 
almost 300 °C. Although the organic part of the molecule was destroyed between 300 and 
500 °C, total degradation of the structure did not begin to occur until over 650 °C under an 
oxygen atmosphere. Whilst not as stable as some previously reported cyanate esters, this 
material does show promise as a high temperature resistant material, although it will 
require some more work. Possible improvements are discussed in the following section.
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5.3.3) Suggested future research direction
Although the target cyanate ester was successfully synthesised, and the overall yield was 
approximately 35%, for a multi-step procedure to be commercially viable, it is desirable to 
have yields considerably higher. A paper by Nair et al. reported the synthesis of a similar 
compound using a different route3. The yields claimed were much higher than those 
obtained for the reaction route followed in this project, although it is likely that the 
compounds being obtained contained some other positional isomers. Residual 
6Aphenol-A was also a contaminant of the final product. There was evidence for some 
ring-opening polymerisation, possibly catalysed by the presence of sodium bisphenolate.
It is possible, however, to propose a second route to the target phosphazene-containing 
cyanate ester, 2, based on Nair’s work. This is shown in Figure 5.2, on the following page.
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Compound 5, above, could be cyanated, as described in this thesis, to yield target 
compound 2. The reaction described in Nair’s paper made use of sodium sand, so it may 
well be quite a hazardous reaction. However, it would be worthy of study in any follow-up 
to the work described in this project, as it is potentially a far quicker route than the one 
pursued here.
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The compounds obtained by Nair et al. were more thermally stable than Compound 2, 
synthesised in this project, despite containing alkyl fragments, normally believed to 
worsen thermal stability. These compounds were tri- and tetra-functional phosphazenes. 
It is possible that phosphazene rings with more cyanate groups have greater thermal 
stability.
A tetrafunctional analogue of Compound 2 would almost certainly produce a very brittle 
polymer, as a result of extensive crosslinking. However, a trifunctional analogue might 
not be unduly brittle. A synthesis should be quite trivial, applying the knowledge 
discovered during this project, and the monomer might well have very interesting thermal 
properties.
Another avenue for exploration would be a more detailed thermal analysis of Compound 2. 
Only basic thermal data was obtained. The actual chemistry behind the decomposition of 
the material was not studied at all. Techniques such as mass spectrometry and infra-red 
spectroscopy coupled to TG (TG-MS and TG-FTIR) could potentially produce some very 
interesting results quite quickly.
hi conclusion, the phosphazene-containing cyanate ester, 2, showed some very interesting 
thermal properties and, with some of the suggested future work described in the section, 
could one day lead to a useful family of polymeric materials.
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